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EDITORIAL 


KIST at 50, beyond the miracle 


his month marks the 50th anniversary of the Ko- 
rea Institute of Science and Technology (KIST). 
Remarkably, half a century ago, South Korea was 
one of the poorest countries in the world, recov- 
ering from the Korean War and facing serious 
economic difficulties. Today, it is a member of 
the G20 major global economies with a market 
value that ranks 11th in the world. Investment in science 
and technology as a development strategy is what made 
South Korea one of the world’s fastest-growing econo- 
mies. Now, as the nation 
promotes its new Creative 
Economy plan, KIST moves 
into its next 50 years, ensur- 
ing that science and technol- 
ogy remain the foundation 
of this new era of innovation. 
KIST’s establishment in 
1966 is widely seen as the 
birth of Korea’s modern sci- 
ence. Fifty years ago, then- 
president Park Chung-hee 
recognized the importance 
of science and technology in 
the development of a nation 
and created KIST, the first 
comprehensive research 
and development (R&D) in- 
stitute in Korea. KIST shook 
up private industry as it 
developed technologies and 
transferred them to the in- 
dustrial sector. Companies 
began to realize the impor- 
tance of R&D, and thus be- 
gan an era of tremendous 
investment in R&D. The Ko- 
rean government established 16 R&D spinoff institutes 
from KIST, and over the past 50 years, government and 
industry support of science and technology fields has 
transformed the nation’s agriculture-centered economy 
to a high-tech economy that encompasses the semicon- 
ductor, automobile, steel, shipbuilding, electronics, ma- 
chinery, and petrochemical industries, among others. In 
2014, this accounted for 4.29% of the nation’s gross do- 
mestic product (GDP), and South Korea ranked number 
one in the world in R&D intensity (R&D expenditure as 
a percentage of GDP). 
The current administration under President Park 
Geun-hye has been quick to recognize that sustaining 
the nation’s economic growth requires maintaining the 


Armadillo-T, 
an experimen r Pm 
made in South Korea . 
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“What South Korea achieved 
in a half-century is considered 
nothing short of a miracle.” 


competitiveness of Korean companies in an expanding 
global economy. A reengineering of the government’s 
development strategy produced the Creative Economy 
initiative, launched in 2013. The new plan leverages 
South Korea’s already strong science and technology 
capacity to spur innovative technologies and creative 
businesses as the next economic growth engine. To 
help facilitate this initiative, KIST is bolstering linkages 
among industry, academia, and government research 
institutes, and is providing technical and manage- 
rial assistance to startup 
companies and small and 
medium-sized enterprises. 
Although KIST’s main focus 
is on basic and fundamen- 
tal research, it is actively 
expanding its responsi- 
bilities to revitalize Korea’s 
economy through programs 
that progress basic research 
outcomes to a market-ready 
level. 

Importantly, South Korea 
and KIST continue to help 
the global community. In 
1996, the nation joined the 
Organization for Economic 
Cooperation and Develop- 
ment, becoming a strong 
voice with other govern- 
ments for improving the 
economic and social well- 
being of people around the 
world. Given that KIST was 
born out of international 
development aid, particu- 
larly from the United States, 
the institute strives to serve as a model to help other 
countries and is currently assisting Vietnam in estab- 
lishing a research institute, the Vietnam-Korea Insti- 
tute of Science and Technology. 

What South Korea achieved in a half-century is con- 
sidered nothing short of a miracle. Over the next 50 
years, all nations will need to make great advances in 
meeting the challenges of a growing population, sus- 
tainable energy and food resources, health and disease 
issues, and climate change. KIST hopes not only to serve 
as a research pioneer and hub for national R&D, but to 
help South Korea make contributions that will bring a 
better quality of life to all people. 

- Byung Gwon Lee 


Byung Gwon Lee 
is the president of 
the Korea Institute 
of Science and 
Technology, Seoul, 
Korea. E-mail: 
bglee@kist.re.kr 
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NIH to review all nonhuman primate 
research in U.S. labs 


Macaques used in AIDS research in a U.S. lab. 


he National Institutes of Health (NIH) is about to take a closer 
look at the use of nonhuman primates in all federally funded 
U.S. research labs. In response to a congressional mandate, the 
agency will convene a workshop this summer to review the ethi- 
cal policies and procedures surrounding work on monkeys, ba- 
boons, and related animals. The move follows NIH’s decision 
to end controversial monkey experiments at one of its labs and the 
termination of its support for invasive research on chimpanzees. In 
a letter to lawmakers last week, NIH Director Francis Collins empha- 
sized the importance of nonhuman primate research in tackling Ebola, 
cardiovascular disease, and other afflictions. But he added that “NIH 
takes animal welfare concerns seriously” and will convene experts in 
primatology, animal welfare, and ethics this summer “to ensure that 
NIH has the appropriate policies and procedures in place for conduct- 
ing research with non-human primates.” The agency tells Science that it 
is still in the early stages of planning the workshop and does not have 
additional details to share at this time. http://scim.ag/NIHnonhum 
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44 Ugh so sick of acting as a gatekeeper and 
stonewaller and rejector and delayer as an editor for 
journals. After #ASAPbio, resigning from all99 


Neurobiologist Leslie Vosshall (@pollyp1), tweeting last week from the Accelerating Science and 
Publication in Biology meeting about the future of preprints in the biological sciences. 


AROUND THE WORLD 


NASA's next space telescope 


WASHINGTON, D.c. | With NASA’s huge 
James Webb Space Telescope due for 
launch in 2018, the agency has announced 
its next major astrophysics project: 
another telescope known as the Wide- 
Field Infrared Survey Telescope (WFIRST). 
With its wide field of view—100 times that 
of the Hubble Space Telescope—WFIRST 
will be able to measure the shapes, posi- 
tions, and distances of millions of galaxies, 
so as to better understand the dark matter 
that holds galaxies together and the dark 
energy speeding the expansion of the 
universe. In addition, it will be equipped 
to directly image planets around other 
stars. Cost overruns on Webb had delayed 
WFIRST’s development, but in December 
2015, Congress approved a 2016 spending 
plan that included $90 million for work 
on WFIRST. NASA’s Program Management 
Council is now looking to launch the 
instrument in the mid-2020s. 
http://scim.ag/_WFIRST 


LIGO-India gets green light 


NEW DELHI | Less than a week after two 
U.S.-based detectors made the ground- 
breaking discovery of gravitational 

waves (Science, 12 February, p. 645), 

the Indian government has approved a 
longstanding proposal to build its own 
Laser Interferometer Gravitational-Wave 
Observatory (LIGO). On 17 February, the 
Indian cabinet, chaired by Prime Minister 
Narendra Modi, gave “in principle” 
approval to construct a LIGO lab in either 
Rajasthan or Maharashtra, at a projected 
cost of $375 million. Adding a third instru- 
ment will allow scientists to triangulate 
and locate the source of observed gravi- 
tational waves, says Tarun Souradeep, a 
spokesperson for the IndIGO Consortium, 
a group of Indian physicists who have 
pushed for the project for the last 5 years. 
The site is planned to be ready by 2022; by 
then, the consortium will import a 

$140 million detector—identical to the two 
US. instruments—built by U.S. research- 
ers. “I am delighted with the Indian 
government’s decision,” says Charles 
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Japan puts x-ray observatory in orbit 


he largest and most advanced x-ray astronomy platform 
put in orbit since 1999 was successfully lifted into space 
17 February by Japan's H-IIA rocket. ASTRO-H carries four 
x-ray telescopes to study soft and hard x-rays and gamma 
rays; the instruments are expected to reveal details about 
gases trapped in galaxy clusters and wafting through supernova 
remnants, as well as the turbulent streams of material spiraling 
away from black holes. A joint project of the Japan Aerospace 


Elachi, director of the Jet Propulsion 
Laboratory in Pasadena, California. “This 
is a great step forward in humanity’s quest 
to understand how our universe works 
and evolved, and how we all came about.” 


Fungal toxins can stunt growth 


LYON, FRANCE Children in Africa and 
parts of Asia are falling victim to an 
“invisible” epidemic—fungal toxins in food 
that can stunt their growth and delay their 
development, according to a new report 
from the Lyon-based International Agency 
for Research on Cancer and funded in part 
by the Bill & Melinda Gates Foundation. 
The two main toxins—aflatoxin and 
fumonisin—are present in dangerously 
high levels in groundnuts, cassava, and 
corn, which make up the bulk of children’s 
diets from Benin to Kenya. In the United 
States and Europe, fields and food are 
heavily treated for the toxins; that manage- 
ment costs U.S. food producers between 
$500 million and $1.5 billion each year. 
The new report brings together six studies 
that show that children with high levels of 
toxin biomarkers in their blood are shorter 
and weigh less than other children their 
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age. They also grow at a slower pace than 
their peers. http://scim.ag/fungaltoxins 


Bees brighten orchid’s hues 


The Eurasian orchid Anacamptis morio 
comes in a wide variety of colors, from deep 
purple to white. Like some other flowers, it 
has markings on its lower petal that guide 
insects in for a landing. But A. morio offers 
no sweet rewards: Its color and marks 

are a trick designed to resemble those of 


Pollinators influence petal color in the green-winged 
orchid, Anacamptis morio. 
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The Hitomi telescope was 
launched into orbit last week. 


Exploration Agency's Institute of Space and Astronautical Science 
and NASA, the ASTRO-H team brought together 240 scientists 
from 60 institutions in Japan, North America, and Europe. As is 
customary after Japanese launches, the spacecraft was given a 
new name, Hitomi (which means “eye” in Japanese), to replace 
the ASTRO-H mission designation. Mission managers will verify 
the functioning of the instruments over the next several months. 
Full-fledged observations will begin before the end of the year. 


nectar-laden species. Researchers thought 
this orchid’s array of colors made it harder 
for pollinators to recognize it as a deceiver. 
To test this, plant ecologists Nina Sletvold 
and Jon Agren from Uppsala University 

in Sweden and their team marked more 
than 300 individual plants in the field and 
hand-pollinated half of them. By compar- 
ing the production of hand-pollinated with 
naturally pollinated fruit from each orchid 
color, the researchers confirmed that insect 
preferences shape how the flowers look, 
they reported online in Evolution last week. 
The new data also suggest the color variety 
may be the orchid’s way of diversifying so 
that at least some of its flowers resemble 
the most attractive flowers in an area. 


Seas rising fastest in 2000 years 


Global sea levels are exquisitely sensitive 
to changes in temperature and green- 
house gas levels, reports a set of four new 
studies published online this week in the 
Proceedings of the National Academy of 
Sciences. The different authors used a 
variety of techniques to study sea level 
changes over various timescales, including 
historical tide gauge records, foraminifera 
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species in marsh sediment cores as proxies 
for salinity over the past 3000 years, and 

a 1.1-kilometer-long core pulled from an 
Antarctic seabed that sheds light on the 
ebb and flow of the continent’s ice sheets 
14 million to 20 million years ago. “The 
big takeaway is that the modern rate of 
sea level rise in the 20th century is faster 
than anything we’ve seen in the previous 
two millennia,” says Benjamin Horton, 

a Rutgers University, New Brunswick, in 
New Jersey geologist who helped direct 
one of the studies. “This isn’t a model. This 
is data.” http://scim.ag/SLriserate 


NEWSMAKERS 


Three Q’s 


Optical physicist Massimo Inguscio, previ- 
ously head of Italy’s National Institute of 
Metrological Research, last week became 


president of the country’s largest research 
organization, the National Research 
Council (CNR). Science spoke with him 
about CNR’s funding woes and the need for 
fresh talent. http://scim.ag/Inguscio 


Q: Italy spends 1.25% of its gross domestic 
product on research. Does CNR struggle 

for funding? 

A: Almost all of CNR’s budget is used to 
pay salaries and basic expenses such as 
electricity, which means there are virtually 
zero funds for research. Twenty years ago 
there was money to upgrade existing facili- 
ties or to buy new equipment. But now we 
can’t do that. 


Q: The 2016 budget contains €100 million 
for 850 new university researchers. Is that 
a good sign? 

A: It is a welcome, if small, reversal com- 
pared to the general trend of decreasing 


An artist’s conception of a 
glyptodont, now known to 
be an armadillo. 


An armadillo the size of a (Volkswagen) Beetle 


898 


uring his travels in South America between 1832 and 1833, Charles Darwin col- 

lected fossils from a giant, heavily armored mammal later called a glyptodont. 

Glyptodonts were long suspected to be cousins to modern-day armadillos—but 

new genetic analyses of a 14,000-year-old fossil from an Argentine museum 

reveal that the ancient herbivores actually were armadillos. The fossil, a shell 
fragment from a large individual of the genus Doedicurus, yielded enough genetic 
material to completely reconstruct DNA from the creature's mitochondria. When com- 
pared to previous genetic analyses from living armadillos, Doedicurus landed squarely 
within the armadillo family tree, the researchers reported online this week in Current 
Biology. The team’s analysis suggests that glyptodonts evolved about 35 million years 
ago. (They went extinct at the end of the last ice age, about 12,000 years ago.) Unlike 
living armadillos, which can roll into a ball to protect themselves, the largest glypto- 
donts had fused carapaces and likely depended on their shells and clubbed tails, as 
well as their immense size, for self-defense. 
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finances. But ... in Italy there is no multi- 
year strategy. Hirings can be blocked for 
many years and then unfrozen suddenly. 
That leads to people being recruited 
because they are on a temporary con- 
tract, not necessarily because they are the 
best person for the job. The presidents 

of research institutions are asking the 
government to start up a process of tenure 
track, as happens in other countries. 


Q: Many Italian scientists work abroad. 

Is that a problem? 

A: It is normal that people go overseas 

to work. The problem is that researchers 
don’t come to Italy. ... Someone comes 
not only because there is a place and 

a wage, but also because they can hire 
postdocs and get projects up and running. 
I hope that the government can restart 
Italian research on the basis of excellence 
and meritocracy. 


BY THE NUMBERS 


Amount that semiconductor-maker 
Marvell Technology Group will pay 
to Carnegie Mellon University to 
end a long-running patent fight, the 
university announced 17 February. 


Years left before the depletion of 
China's phosphate rock reserves 
at current rates of production. 
Phosphorus cycling intensified 
in China in the last 60 years 
to fertilize crops for food and animal 
feed (Proceedings of the National 
Academy of Sciences). 


Fraction of clinical trials led 
by researchers at U.S. academic 
centers that were published 
within 2 years of study 
completion (The BMJ). 
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Flagship accelerators bid for better beams 


DOE considers wish list of upgrades to x-ray and neutron sources 


By Robert F. Service 


scientific advisory panel for the 

United States Department of Energy 

(DOE) has begun weighing possible 

upgrades to four of the nation’s top 

sources of high-energy x-rays and 

neutron beams. For years, the giant 
machines—two x-ray synchrotrons, an x- 
ray free electron laser (FEL), and a neutron 
accelerator—have given thousands of scien- 
tists unparalleled close-up views of the mole- 
cules that make up materials and organisms. 
Recently, however, researchers say the facili- 
ties have been losing ground to counterparts 
in Europe, Asia, and South America. 

Now, the United States hopes to turn 
things around. The advisory panel, known as 
the Basic Energy Sciences Advisory Commit- 
tee (BESAC), is expected to issue its priority 
list in June. If DOE and Congress act on its 
advice, as they have regularly done in the 
past, U.S. facilities could regain global pre- 
eminence, promoting U.S. leadership in fields 
including chemistry, alternative energy, ma- 
terials science, and structural biology for de- 
cades. But improving all four facilities within 
the constraints of a tight budget will require 
spreading the projects out over time. 

Staying ahead of other countries vying to 
build powerful tools for understanding mol- 
ecules and materials is growing increasingly 
difficult. “If you look at facilities worldwide, 
the USS. is slipping behind,” says DOE’s Office 
of Science director, Cherry Murray, in Wash- 
ington, D.C. When one of the four U.S. ma- 
chines, a massive x-ray laser called the Linac 
Coherent Light Source (LCLS) in Menlo 
Park, California, was finished in 2009, it re- 
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lied on technology so cutting-edge that some 
doubted it would even work. But the LCLS 
succeeded in turning out ultrashort bursts of 
coherent x-rays—an advance that has already 
led to groundbreaking scientific develop- 
ments in glimpsing the formation of chemi- 
cal bonds and tracking the movements of 
electrons in complex materials. That success 
encouraged the development of more power- 
ful FELs in Europe, Japan, and elsewhere. 
DOE is now upgrading the LCLS. LCLS II 
will produce more x-ray pulses, enabling it to 
track faster microscopic events. But already 
x-ray experts are proposing further improve- 
ments, known as LCLS H-HE (for “high en- 
ergy”), to double the power of its x-ray beam. 
The two synchrotrons on the list face 
similar competition. The Advanced Photon 
Source (APS) in Lemont, Illinois, and the Ad- 
vanced Light Source (ALS) in Berkeley, Cali- 
fornia, accelerate electrons in “storage rings” 
hundreds of meters wide and then steer 


them through powerful magnets that cause 
them to shed beams of x-rays that are less 
intense but have longer pulses than beams 
from FELs. The APS specializes in produc- 
ing energetic “hard” x-rays, which are useful 
for nailing down the positions of individual 
atoms in samples; the ALS generates less 
energetic “soft” x-rays, which are better at 
identifying chemical elements. 

Now, Sweden is commissioning its new 
MAX IV synchrotron, the first to use a novel 
technology known as multi-bend achromats 
(MBAs). These devices narrow the synchro- 
tron’s x-ray beam, creating a brighter, more 
powerful, and more coherent x-ray probe to 
shine on samples. The European Synchro- 
tron Radiation Facility in Grenoble, France, 
is upgrading its synchrotron with the same 
technology, which is expected to come on- 
line in 2020. 

Both the APS and the ALS have proposed 
MBA upgrades to their machines. If the pro- 


Brighter prospects for beamlines 


An advisory panel is weighing upgrades to four major U.S. scientific user facilities. 


FACILITY TYPE COST (EST.) NEW CAPABILITIES 
Linac Coherent Light Source = —- X-ray FEL $272 million Doubles x-ray energy 
Advanced Photon Source Hard x-ray $734 million ncreases brightness 100x to 1000x 
synchrotron 
Advanced Light Source Soft x-ray $300 million ncreases brightness 1000x 
synchrotron 
Spallation Neutron Source Neutron accelerator 
-Proton power upgrade $165 million Doubles beam power 
-Second target station $1.3 billion Adds new target station 
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posals go forward, officials at both facilities 
say, the two synchrotrons will again become 
the brightest x-ray sources at their particu- 
lar energies—and might well hold the record 
forever. “It’s getting close to the ultimate 
limit in ring technology,’ says ALS Director 
Roger Falcone. 

As for neutrons, these chargeless parti- 
cles are ideal for investigating deep within 
materials. They also have a property called 
spin, which makes them good for probing 
magnetic materials, in which spin plays a 
key role. Officials at the Spallation Neutron 
Source (SNS), an accelerator at Oak Ridge 
National Laboratory in Tennessee, are pro- 
posing two upgrades to keep up with the 
European Spallation Source and other 
new neutron facilities. The first would 
double the power of the SNS neutron beam 
and increase its neutron flux. The second 
would add a new target station and eight 
new experimental beamlines. A 2013 BE- 
SAC review found that the second upgrade 
would “present scientific and engineering 
challenges,’ but Oak Ridge Director Thom 
Mason says those concerns have been ad- 
dressed. “It was a painful process, but we 
got to the right point,” he says. 

All of the proposed upgrades would beef 
up existing equipment without requiring 
major new construction. Nevertheless, they 
are estimated to cost $2.8 billion (see table, 
p. 899). Over the past 17 years, DOE’s budget 
for constructing new scientific user facilities 
has hovered around $200 million a year. 
And Murray and others warn that spending 
much more than that on the upgrades would 
eat into funds needed to operate the facili- 
ties and support research at the sites, which 
collectively serve roughly 10,000 scientists 
a year. As a result, Murray says, DOE must 
prioritize the upgrades and space them out 
over what’s likely to be a 15-year span. “This 
is very difficult. But it’s incredibly impor- 
tant,” Murray told BESAC members. 

In making those choices, BESAC will con- 
sider whether the fixes really would restore 
each machine to a global leadership position 
in its field. “What you don’t want to do is 
build something that when you are done is 
not the best in the world anymore,” says John 
Hemminger, BESAC’s chair and a chemist at 
the University of California, Irvine. 

No one knows exactly how BESAC mem- 
bers will vote to prioritize the proposed 
upgrades, but researchers say the APS 
upgrade—which DOE has already spent 
$100 million studying in detail for 5 years— 
could well top the list. Wayne Hendrick- 
son, an x-ray crystallographer at Columbia 
University, hopes they will all go forward. 
With the upgrades “the U.S. will be in a very 
strong position,” Hendrickson says. “But it 
won't be if it doesn’t keep up.” & 
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For innovation, no magic in 3% rule 


By Jeffrey Mervis 


Science policy wonks often use the ratio 
of research spending to overall economic 
activity to judge whether a country is in- 
vesting enough in innovation. For decades, 
3% has been the magic number, and Israel 
and South Korea are seen as technological 
juggernauts because their investment ratio 
tops 4%. 

But two new reports question the 3% tar- 
get. (The United States stands at roughly 
2.8%.) One, from the latest Science & Engi- 
neering Indicators issued by the National 
Science Foundation (NSF) in Arlington, 
Virginia, warns that no single number can 
capture the key variables in a country’s 
research portfolio. The balance between 
public and private R&D spending, between 
military and civilian research, and between 
basic and applied science is also important, 
and a government has limited control over 
the size of its gross do- 


research spending. Albert Teich, a veteran 
science policy analyst at George Washing- 
ton University in Washington, D.C., cites na- 
tional pride as another reason. Weeks after 
taking office, for example, President Barack 
Obama exhorted members of the U.S. Na- 
tional Academy of Sciences to help him lift 
the country above 3%, “an amount that ex- 
ceeds the level achieved at the height of the 
Space Race.” 

“The idea was that if we could do it in 
1964 [when it stood at 2.88%], we should be 
able to do it again,” Teich says. “But that ig- 
nores the fact that the peak was caused by 
the Apollo project.” 

There’s no evidence that a 3% investment 
triggers a high level of innovation, or re- 
sults in a sustained economic payoff. And 
it would be a heavy lift for most countries. 
Based on figures for 2013, for example, the 

United States would have 


mestic product. So “when 
a government targets a 
level, achieving it is al- 
most a matter of luck,” 
explains NSF’s Beethika 
Khan, who oversees the 


needed to perform an ad- 
ditional $46 billion worth 
of research that year to 
reach the 3% target. 
Leaving aside whether 
3% is attainable, the NSF 


biennial report. 

The second salvo 
comes from the Informa- 
tion Technology and In- 
novation Foundation, a 
Washington, D.C., think 
tank. Research intensity 
is only a small compo- 
nent of a larger innova- 


billion 
Additional dollars needed 
to increase U.S. research 
intensity from 2.73% to 3% 
in 2013. The United States 
spent about $457 billion on 
research that year within 
a gross domestic product of 
$16.75 trillion. 


analysts who work on 
Indicators believe the ra- 
tio does have some value. 
“It’s a useful measure of 
the level of R&D effort by a 
country,’ says NSF’s Mark 
Boroush. It’s also handy, 
Khan adds: “If I gave you 
50 numbers, it would get 


tion ecosystem shaped by 
a nation’s tax, intellectual property, human 
capital, and trade policies, it points out. 
With that in mind, the group scored coun- 
tries on how they both help and hinder in- 
novation and gives top marks to Finland, 
Sweden, and the United Kingdom (the last 
with a R&D intensity ratio of only 1.6%). 
The United States is ranked 10th. 

The 3% target dates back to the 1930s, ac- 
cording to the late Harvey Brooks, a science 
policy guru and Harvard University physics 
professor. In a 1995 essay on the evolution of 
USS. science policy, Brooks calls the number 
a “shibboleth [for] technology and competi- 
tiveness arguments that persists to this day.” 

The ratio’s endurance comes from its 
being “far enough away to be a useful as- 
pirational goal, but reachable with a sus- 
tained effort,’ posits Martin Grueber, an 
Ohio-based economist who studies global 
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very complicated.” 

Simplicity may indeed be the ratio’s big- 
gest virtue. Obama used it in 2009 as short- 
hand for his administration’s commitment 
to research spending. But the figure was 
nowhere to be found in this month’s bud- 
get request to Congress, which included 
a 4% boost in federal research spend- 
ing, about one-third of the country’s total 
R&D investment. 

That silence may reflect the harsh politi- 
cal realities of a tight budget and a strug- 
gling economy. But count presidential 
science adviser John Holdren among those 
who believe that 3% should remain a policy 
goal for the nation. 

“It’s a plausible number, in the sense that 
we were there once before,” he told an au- 
dience at this month’s annual meeting of 
AAAS (publisher of Science) in Washington, 
D.C. “If it were up to me, I'd say 4%.” & 
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MARINE RESEARCH 


When researchers split open 
theJog, they found tiny 
tunnels full of shipworms. 


Arctic shipworm discovery 
alarms archaeologists 


Sunken log full of tunneling mollusks poses mystery 


By Eli Kintisch, aboard the RV Helmer 
Hansson off Svalbard, Norway 


arine scientists made a surprise 
catch last month while trawling 
for sea creatures in the icy depths 
of Rijpfjorden, a remote bay in this 
Arctic archipelago: a log the size 
of a battering ram. Steel chains 
hauled the tree trunk up from the sea floor 
250 meters below, startling crew and scien- 
tists alike. “In 15 years of coming here I’ve 
never seen such a big piece of wood from a 
bottom trawl,” said marine biologist Jorgen 
Berge of the University of Troms@ (UT) in 
Norway, the cruise leader. Then, an even big- 
ger surprise: The 7-meter log was infested 
with living shipworms, white and gooey. 

The researchers were astonished because 
shipworms—mollusks adapted to tunnel into 
and eat wood—had never been documented 
so far north, just 1100 kilometers from the 
North Pole, and at such a depth, where the 
temperature was -1.8°C. Were the borers a 
southerly species that had moved north with 
warming seas, or a previously undescribed 
Arctic native? Either way, “this is a fantastic 
discovery, something we never would have 
dreamed of,’ Berge said. 

For another team member, marine 
archaeologist Oyvind Odegard of the Norwe- 
gian University of Science and Technology, 
Trondheim, the sight of the 6-centimeter- 
long creatures was more akin to a night- 
mare. Historical records suggest more than 
1000 shipwrecks dot the coasts around 
Svalbard, harboring centuries of secrets. 
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QOdegard expected them to be safe from 
borers. “I believed because of the low tem- 
peratures we wouldn’t find shipworms,’ he 
said. Now, he worries that they could de- 
vour the wrecks before scientists find them. 
Arctic shipworms would be “a disaster” for 
archaeologists, Berge predicts. 

Mariners have cursed species in the genus 
Teredo since wooden ships first set sail. Indi- 
viduals grow to a meter long, riddling hulls, 
piers, and other wood structures with undu- 
lating tunnels. Shipworms devoured three of 
Christopher Columbus’s ships in 1503, dur- 
ing his fourth voyage to the Americas, ma- 
rooning the crews. Today, the mollusks cause 
an estimated $1 billion in damages annually, 
and have consumed wrecks from the tropics 
to southern Sweden. 

As the oceans have warmed in recent 
decades, scientists have noticed the borers 
moving to higher latitudes. A few years ago, 
they infested a wooden dock at Longyear- 


The burrowing mollusk’s heads resemble drillbits. 
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byen, Svalbard’s biggest town, says UT chem- 
ist Bjorn Altermark. To gauge shipworm 
abundance, in 2014 he placed a sample of 
spruce on a mooring near shore; a year later 
it had been attacked by a single borer. Re- 
searchers speculated that Atlantic currents 
might have swept shipworm larvae up from 
the south, or ships discharging ballast water 
might have released them. 

Intrigued, @degard, the archaeologist, 
ran an experiment to determine their range. 
Last year, he and Berge placed oak planks 
in a nearby fjord that also receives Atlantic 
water, as well as in the distant Rijpfjorden, 
which is fed by the colder Arctic Ocean to the 
north. The Rijpfjorden samples were “meant 
to be a control,” Odegard recalls. He didn’t 
expect to see shipworms in the frigid bay, 
and hadn’t yet retrieved the planks when the 
log surfaced. “Astonishing,” he says. 

Scientists are now debating how the 
Rijpfjord mollusks—not yet definitively 
identified—could thrive. Studies suggest 
that the most common shipworm species, 
T. navalis, cannot reproduce at tempera- 
tures below 10°C. So one scenario is that 
the log became infested in warmer waters 
to the south or east of Svalbard, then re- 
cently drifted into the fjord and sank. 

But several factors hint at a second pos- 
sibility: that researchers have discovered a 
new species or variant able to thrive near 
the freezing point of saltwater. Ample black 
sediments inside the log, as well as stringy 
marine organisms growing on its side, sug- 
gest it may have been on the sea floor for a 
year or more. And when researchers sliced 
open the wood, they found worms in many 
stages of development—including young 
“fresh worms,” as Berge calls them—which 
suggested the community had been around 
a while. (Svalbard is treeless, but there is 
plenty of driftwood for shipworms to infest.) 

“Tm depressed either way,’ Odegard says. 
He takes some solace, however, from what 
he saw at a wreck that the Helmer Hansson 
visited just a few days after the log’s discov- 
ery. The wooden whaler Figaro sank near 
Longyearbyen in 1908. Despite more than a 
century in the sea, however, digital pictures 
showed just minor traces of shipworm dam- 
age. Still, @degard worries that the hulk “is 
not going to do very well” over the next cen- 
tury if shipworms become more common in 
the Arctic. 

More clues to the origins of the Rijpfjor- 
den shipworms are expected soon. On the 
last day of the cruise, a researcher used a 
chainsaw to cut slices from the log. They’ve 
been distributed to scientists, including 
some who are using genetic markers to fig- 
ure out whether the mollusks are something 
new to science—or just a familiar face in an 
unusual place. m 
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SCIENTIFIC PUBLISHING 


Fight over author pseudonyms could flare again 


Editor balks at authors using screen names from RNA folding game 


By John Bohannon 


hen he heard last week that the 

Journal of Molecular Biology 

(JMB) was postponing publica- 

tion of a paper he had co-authored 

because of “ethical” concerns, Rh- 

iju Das was shocked. But then the 
biophysicist at Stanford University in Palo 
Alto, California, learned the reason, and he 
just scratched his head. A JMB editor was 
concerned about some of the co-authors’ 
names. Rather than using their real-world 
identities, they had given only the screen 
handles under which they had done the 
research within Eterna, a massive online 
game that crowdsources RNA 
folding problems. Listing their 
screen handles “just seemed 
intuitive to me,” says Das, the 
co-principal investigator on the 
Eterna project. 

The formal scientific authors 
say they were willing to try an- 
other journal, but the three 
pseudonymous players relented, 
agreeing to give their full names, 
and the paper was posted online 
just hours later than planned. 
The episode, apparently un- 
precedented in scientific pub- 
lishing, has raised questions 
about the nature of authorship. 
And given the growth in citi- 
zen science efforts, some pre- 
dict more such standoffs before long—with 
no guarantee that pseudonymous authors 
will back down the next time. “In the area 
of citizen science, there will be many diffi- 
cult issues of status, ethics, and rewards for 
good work that we have not yet confronted, 
let alone solved,’ says sociologist William 
Bainbridge. (He co-directs the Cyber-Human 
Systems program at the National Science 
Foundation in Arlington, Virginia, but notes 
that view is personal.) 

The paper at issue described a fairly typi- 
cal study of the “designability” of RNA. The 
genetic molecule folds itself up into different 
shapes depending on its sequence. Predict- 
ing the stable structure a given sequence 
forms is hard enough, but the opposite— 
knowing a desired structure and designing 
a sequence that will fold into it—is even 
harder. Such design finesse may be key to re- 
alizing custom RNA pharmaceuticals. 

Das and his collaborator, Adrien Treuille, a 
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biophysicist at Carnegie Mellon University in 
Pittsburgh, Pennsylvania, have been tackling 
RNA folding with the help of a massive com- 
munity of nonscientists recruited through 
Eterna, which they helped create in 2009. Be- 
sides allowing tens of thousands of players to 
fold RNA on their computer screens, Das and 
Treuille have hooked up the players’ virtual 
work to an automated lab that tests the play- 
ers’ folding predictions by synthesizing given 
sequences and seeing what 3D structures the 
RNA strands actually form. The current pa- 
per distills insights from the game and the 
real-world testing into a set of constraints 
that make certain RNA structures more or 
less difficult to achieve. “This paper is a sig- 


Players of the RNA folding game Eterna often don’t use their real names. 


nificant contribution,” says biophysicist Jane 
Richardson of Duke University in Durham, 
North Carolina. “The new design principles 
seem very understandable.” 

Several of the leading Eterna players con- 
ceived the paper, and most of the data came 
from their work. Whereas earlier papers 
based on Eterna simply credited the game’s 
entire community, this one included indi- 
vidual players as authors. How they should 
be credited was hashed out in advance on 
the game’s discussion forum. “Many of them 
felt strongly that real-world names not be re- 
quired,” Treuille says. 

But JMB editor Peter Wright, a bio- 
physicist at the Scripps Research Institute in 
San Diego, California, put the paper on hold 
at the last minute—after an embargoed press 
release went out—while he consulted with 
his publisher, Elsevier. “A generally accepted 
criterion for authorship is that authors must 
take responsibility for the integrity of the pa- 
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per,’ he says. “In my view, identification of 
an author only by a screen name, which can 
be changed at an instant, is inappropriate, 
since that person could not be contacted if 
issues of accountability arose.” 

Elsevier doesn’t have a blanket pseudo- 
nym policy. “Not to say that there won’t be 
exceptions,” but it’s “rather obvious” that 
disclosing an author’s real-world identity is 
important, says an Elsevier spokesperson. “I 
guess it’s stretching [journal] boundaries a 
bit,’ says player-co-author jandersonlee, also 
known as Jeffrey Anderson-Lee, a computer 
systems manager at the University of Califor- 
nia (UC), Berkeley. “It’s really a bit amusing.” 

But some observers are less amused. “I 
see no reason why our ‘Teal’ 
names have to follow us around 
like shadows,’ says Bonnie 
Nardi, an anthropologist at UC 
Irvine not involved with the 
study. She notes that pseudo- 
nyms may not be permissible 
in all scholarly contexts, but 
allowing the gamer-authors to 
use their online identity is “cer- 
tainly appropriate in this case.” 
And at least one researcher 
identification system, ORCID, 
says it would allow someone 
using a pseudonym to register. 

Others share Wright’s posi- 
tion. Marcia McNutt, editor-in- 
chief of the Science journals, 
notes that pseudonyms prevent 
the community from recognizing conflicts of 
interests that authors may have failed to dis- 
close, innocently or otherwise. 

“Science is about transparency and rep- 
lication and accountability. Using a pseud- 
onym flies in the face of that,’ adds Dmitri 
Williams, a psychologist at the University 
of Southern California in Los Angeles. “The 
only time I think it would be appropriate is 
if publishing good science were to put the 
author in some danger,’ for example if he or 
she risked persecution. “You want to own the 
data? Own your identity. Otherwise, you’re 
not an author.” 

One of the JMB article’s other player co- 
authors, matt747—who goes by Mathew 
Zada in his small south Australian town— 
might beg to differ. He preferred having his 
game name on the paper for the sake of pri- 
vacy. But Zada didn’t make a fuss at JMB’s 
demand, he says, because “I’m here for the 
science.” & 
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EVOLUTION 


Why do cells’ power plants 
hang on to their own genomes? 


Study finds common features in the genes retained since 
mitochondria evolved from symbiotic microbes 


By Laurel Hamers 


t’s a curious gesture of independence. 

More than a billion years after once- 

independent single-celled organisms 

were swallowed by larger cells to form 

mitochondria, these organelles—the 

powerhouses of the cell—still hang on 
to tiny genomes of their own. A new study 
suggests why. 

Over the years, the mitochondrial ge- 
nome has shrunk, with many genes migrat- 
ing to the cell nucleus. The nucleus now 
harbors the vast majority of the cell’s genetic 
material—even genes that help the mi- 
tochondria function. In humans, for in- 
stance, the mitochondrial genome contains 
just 37 genes, compared with the nucleus’s 
20,000-plus. But that makes it all the more 
puzzling that mitochondria have retained 
any genes at all, especially considering that 
mutations in some of those genes can cause 
rare but crippling diseases that gradually 
destroy patients’ brains, livers, hearts, and 
other key organs. 

Scientists have tossed around some ideas, 
but there haven’t been hard data to favor one 
over another. So Iain Johnston, a biologist at 
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the University of Birmingham in the United 
Kingdom, and biologist Ben Williams of 
the Whitehead Institute for Biomedical Re- 
search in Cambridge, Massachusetts, took a 
new approach: They modeled the problem 
mathematically, analyzing more than 2000 
different mitochondrial genomes from ani- 
mals, plants, fungi, and protists (organisms 
like amoebae). They examined the different 
combinations of mitochondrial genes pres- 
ent in each species. Then, they created an 
algorithm that calculated the probabilities 
that different genes and combinations of 
genes were lost at particular points along 
each genome’s evolutionary path. 

“That’s one of the innovative aspects of 
this work, that it uses modeling which isn’t 
normally included in these sorts of studies,” 
says Keith Adams, a biologist at the Univer- 
sity of British Columbia, Vancouver, in Can- 
ada, who was not involved in the research. 
And it revealed some common features in 
the genes that mitochondria have retained. 

Mitochondria make energy through a 
series of chemical reactions that pass elec- 
trons along a membrane. Key to this process 
is a series of protein complexes—large pro- 
tein globs embedded in the internal mem- 
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Mitochondria—the blue structures in this bat liver cell— 
evolved from free-living organisms with their own DNA. 


brane of each mitochondrion. The team 
found that a gene was more likely to have 
persisted in the mitochondria if it codes 
for a protein that is central to one of these 
complexes. Genes responsible for more pe- 
ripheral energy-producing functions, mean- 
while, were more likely to be outsourced to 
the nucleus, the group reported last week in 
Cell Systems. 

Johnston speculates that having individ- 
ual mitochondria make their own protein 
complexes “gives the cell a way to indi- 
vidually control mitochondria.” That local 
control means the cell can more quickly 
and efficiently regulate energy production 
moment-to-moment in individual mi- 
tochondria, instead of having to make 
sweeping changes to all of its hundreds 
or thousands of mitochondria. An out-of- 
whack mitochondrion can be fixed indi- 
vidually rather than through a blanket, 
cell-wide response that might then throw 
something else off balance. 

It’s like responding to a fire, says John 
Allen, a biologist at University College Lon- 
don who was not involved in the study. “If 
a single room in a large building goes up in 
flames, you don’t phone the building man- 
ager to ask permission to put it out. You 
grab a fire extinguisher and aim.” 

“T think that’s a very fundamental feed- 
back mechanism,” Allen says. In his own 
research, he’s found evidence suggest- 
ing that producing certain mitochon- 
drial proteins right where they’re needed 
helps the cell more precisely regulate 
individual mitochondria. 

Johnston and Williams’s model points out 
other factors that might have shaped which 
genes stayed in the mitochondria. For in- 
stance, mitochondrial proteins that are 
hydrophobic, or water-repelling, are more 
likely to be made there than elsewhere in 
the cell, where they might get stuck during 
transit through the cell’s membranes. 

The chemical makeup of the genes them- 
selves can also influence how likely they 
are to stick around. Genes whose sequence 
of nucleotides makes them better suited 
chemically to withstanding the harsh con- 
ditions inside the mitochondria instead of 
being broken down appear more likely to 
have persisted. 

All of which suggests mitochondrial genes 
aren’t just evolutionary oddities. If Johnston 
and Williams are right, they are survivors, 
left after mitochondria offloaded every bit 
of genetic baggage they could. m 


Laurel Hamers is a science journalist based 
in Santa Cruz, California. 
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POWER 
PLAY 


ON THE NILE 


Ethiopia stunned neighbors with a 
colossal dam on the Blue Nile. Could it 
spread prosperity, not turmoil? 


By Erik Stokstad 


Planned in secrecy, the Grand Ethiopian Renaissance Dam is a massive construction project. 
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ive years ago, as protesters thronged 
Cairo’s Tahrir Square and the Egyp- 
tian government teetered, another 
revolution with high stakes for the re- 
gion’s future ignited far to the south. 
On 3 February 2011, Ethiopian Prime 
Minister Meles Zenawi announced 
that his country would build a mas- 
sive dam on the Blue Nile, the main 
tributary of the Nile, the world’s longest river. 
“We not only have a plan, but we also have 
the capacity to assert our rights,” he said that 
April at the groundbreaking ceremony. 

For Egyptians, who view the Nile as their 
birthright, Zenawi’s declaration was an ex- 
treme provocation. Egypt depends on the 
Nile for drinking water and agriculture, 
and has long claimed rights to 55 billion m? 
of Nile water per year, much more than any 
other country. Now, a rival state was taking 
control of the 60% of Nile water that origi- 
nates from Ethiopia’s Blue Nile. The bold 
move “shocked everyone,” says Paul Block, 
a civil engineer at the University of Wiscon- 
sin, Madison, who has studied water issues 
in the Nile Basin since 2003. 

Five years later, the Grand Ethiopian Re- 
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naissance Dam (GERD) appears to be a fait 
accompli. Slated for completion next year, 
GERD will have the greatest hydroelectric 
capacity of any dam in Africa. The blueprints 
call for a main dam 175 meters tall and 1800 
meters long. Architects vastly enlarged its 
reservoir with a secondary “saddle” dam— 
one of the longest ever built—that spans a 
low spot. When filled completely, the valley 
will become Ethiopia’s largest lake and hold 
74 billion m* of water, or nearly the annual 
average flow into Egypt. Construction is pro- 
ceeding at a breakneck pace. 

Supporters say the dam will be a boon for 
Ethiopia, one of the least developed coun- 
tries in the world. At peak capacity it will 
generate 6000 MW of electricity, and even 
its regular output of 2000 MW could sup- 
ply 65% of Ethiopia’s demand, although 
some will be sold to Sudan. The dam will 
also benefit Sudan, the next country down- 
stream, by regulating torrential summer 
flows and ensuring water supply during 
the winter dry season. In addition, GERD 
will trap silt that would otherwise accumu- 
late in downstream reservoirs, including 
the enormous Lake Nasser behind Egypt’s 
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Aswan High Dam, and could reduce water 
losses from evaporation. In the long term— 
if all goes well—it could lead to regional co- 
operation and economic growth in all three 
countries. “There is a potential triple win,” 
says Pieter van der Zaag, a water resources 
expert at Delft University of Technology and 
the United Nations Educational, Scientific 
and Cultural Organization-IHE Institute for 
Water Education in the Netherlands. 

But the potential for regional benefits 
has not lessened Egypt’s opposition. An im- 
mediate concern is that Egypt could face a 
water shortfall if GERD’s reservoir is filled 
during years of low rainfall, threatening 
power generation at Aswan and the liveli- 
hoods of Egyptian farmers. 

The dam has galvanized scientists in 
Nile countries, particularly in Egypt and 
Ethiopia, where outspoken academics have 
rallied to attack or defend the project. Par- 
tisan tempers flared when an expert report, 
leaked in 2014, raised concerns about evalu- 
ations of dam safety, how the reservoir will 
be filled, and possible downstream impacts. 
The Ethiopian government, which hired the 
Italian firm Salini Impregilo to build the 
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dam, has kept a tight lid on details of design 
and construction. 

In a sign of progress, last December Ethio- 
pia, Sudan, and Egypt agreed on an approach 
to evaluating the dam’s potential downsides. 
Negotiators will then face the challenge of 
agreeing on how to minimize harm. Mean- 
while, “I’m sufficiently optimistic that the 
dam will bring the countries together,’ says 
David Grey, a water policy expert at the Uni- 
versity of Oxford in the United Kingdom, and 
former adviser at the World Bank. “But it’s 
a rough road ahead for the next few years.” 


ETHIOPIA IS RICHLY ENDOWED with wild 
rivers that plunge through deep canyons. In 
the 1950s, the Ethiopian government asked 
the U.S. Bureau of Reclamation to create 
a master plan for harnessing that energy 
for hydropower. The bureau proposed four 
dams on the Blue Nile, which would together 
hold 73 billion m* of water and generate 
5570 MW-—nearly two-and-a-half times the 
output of the Hoover Dam. Over the years, 
Ethiopian experts and consultants refined 
the plans. By 2001 they had installed 529 MW 
of hydropower, but even this small start 
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raised the ire of Egyptian leaders. Hoping to 
forestall conflict, the World Bank and oth- 
ers have spent more than $200 million since 
1999 on the Nile Basin Initiative to build 
technical expertise and launch cooperative 
water projects among the Nile states. 

The pace was too slow for Ethiopia. Af- 
ter Egypt in 2008 nixed plans for a joint 
2100-MW dam on the Blue Nile, Zenawi 
upped the ante with GERD. In the past, Ethi- 
opia would have needed foreign aid to under- 
take such a gargantuan project. But because 
the country had been gaining economic 
strength, Ethiopia decided it could fund the 
dam itself. The estimated $4.7 billion cost 
is being paid for in part by selling bonds to 
government workers and other citizens. 

The site is a 17-hour drive northwest of 
Addis Ababa, Ethiopia’s capital, and just 
12 kilometers from the border with Sudan, 
where the Blue Nile flows through an arid 
valley dotted with scrubby trees. Before con- 
struction could begin, Salini Impregilo had to 
build 120 km of access roads and camps for 
some 9000 workers, who are working round- 
the-clock. One of its subcontractors claims to 
have set a world record for daily cement pro- 
duction: 23,200 m?’, enough to fill nearly 10 
Olympic swimming pools. “In all my travels 
I’ve never seen anything like it,” says Harry 
Verhoeven, a political scientist at George- 
town University School of Foreign Service in 
Qatar in Doha, who studies 
water issues. “You feel that 
this is a national project 
and that it has to work.” 

Sparks flew in early 
2014 after a confidential 
report on the dam’s design 
and possible impacts was 
leaked to the nonprofit ad- 
vocacy group International 
Rivers. The study had been 
completed in 2013 by an expert panel con- 
sisting of two representatives each from 
Ethiopia, Sudan, and Egypt and four out- 
side experts. They urged Ethiopia to better 
analyze the dam’s impact on water supplies 
in Sudan and Egypt and geotechnical risks 
such as dam failure. The experts also recom- 
mended further studies of its effects on wa- 
ter quality and other issues. To International 
Rivers, the dam-planning process seemed 
“chaotic and incomplete, with “precious 
little oversight.” In its official response to the 
report, the Ethiopian government accepted 
the report’s recommendations but main- 
tained that it showed the “GERD project was 
being undertaken in line with international 
design criteria and standards.” 

Compared with other megadams, GERD 
will be less disruptive to ecosystems, experts 
agree. The biological diversity of the reser- 
voir site and the Blue Nile downstream is 
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fairly low, says limnologist Henri Dumont of 
Ghent University in Belgium, who has stud- 
ied the areas. 

The dam’s impact on local communities is 
cloudier. The Ethiopian government has said 
that just 3000 people are being relocated from 
the reservoir site. River geographer Jennifer 
Veilleux, a postdoc at Florida International 
University in Miami, visited and studied the 
GERD site in 2013 and estimated the num- 
ber to be relocated at 20,000, primarily the 
ethnic minority Gumuz people. “This could 
completely eliminate these communities and 
their culture forever.” Still, other experts say 
overall social harm will be negligible. 

Most of the rancor focuses on the plans for 
filling the reservoir—and the reduced down- 
stream flow that will mean. Impoundment 
is expected to take place over 5 to 7 years. 
At first, 10% of the river’s base flow will be 
retained in the reservoir each year, then the 
fraction will increase. A study by Block and 
colleagues, published in 2014 in the Journal 
of Water Resources Planning and Manage- 
ment, found that a 10% reduction would 
mean 5% less water reaching Lake Nasser, as- 
suming the White Nile and other tributaries 
flow normally. This could result in less hydro- 
power from Aswan High Dam and possibly 
less water released for irrigation. 

A lot hinges on the climate. If the 
reservoir is filled during normal or wetter- 
than-average years, Egyp- 
tian farmers might feel 
no impact. A stretch of 
dry years, on the other 
hand, would mean greater 
hardships downstream or 
longer timetable for 
impoundment. “We un- 
derstand that it is a very 
sensitive issue down- 
stream,” says Yilma Seleshi, 
a water resources expert at Addis Ababa Uni- 
versity. But he says Ethiopia can’t afford to 
wait to generate hydropower, and he hopes 
downstream countries will accommodate 
that in the negotiations. “If they don’t agree, 
we will continue to fill it using our own share 
of water.’ (Ethiopia and five other Nile states 
reject a 1959 treaty between Egypt and Su- 
dan, and have signed their own accord.) 

Once the reservoir is full, the benefits be- 
gin to flow. By trapping all the sand and 80% 
of the silt in the Blue Nile, GERD will pre- 
serve the storage capacity of dams in Sudan 
and Egypt, prolonging their lifetimes. Agri- 
culture in Ethiopia may benefit indirectly, as 
the government will have a financial incen- 
tive to fight soil erosion; this will reduce the 
amount of silt that settles in GERD’s reser- 
voir and keep the dam’s turbines spinning as 
long as possible. 

Other wins come from taming the Blue 
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Nile. For more than half the typical year, 
the river discharges just 300 m* per second. 
The flow usually rises in July and peaks in 
September, reaching nearly 4000 m per sec- 
ond. GERD will even out the flow, allowing 
Sudanese dams to operate in dry months 
and generate an extra 1000 gigawatt hours 
or so of electricity per year, a 20% increase. 
“Now, Sudan is thinking about upgrading 
the turbines to tap the potential,” says Yasir 
Mohamed, the director of the Sudan govern- 
ment’s Hydraulics Research Centre in Wad 
Medani. Preventing extreme floods will also 
be a relief for Sudan, where a deluge in 2013 
destroyed about 27,000 houses. 

Larger farms in Sudan should prosper. 
Regulated flow will increase the number of 
months they can pump or divert water from 
the Blue Nile into irrigation canals. This will 
be good for the Gezira Scheme, one of the 
largest irrigation projects in the world, which 
distributes water stored behind the Roseires 
Dam to 880,000 hectares of farmland. But 
steady, lower flows could hurt subsistence 
farmers who tend small fields in Nile flood- 
plains and depend on the annual flooding to 
renew their soil, Mohamed says. 

Egypt has less to gain than Sudan, because 
the Aswan High Dam already provides flood 
control and irrigation. The biggest fear is 
that if an epic drought sets in, Ethiopia will 
hoard water and the level of Lake Nasser 
will drop. This worst case scenario “will re- 
sult in abandoning huge areas of agricultural 
lands and scattering millions of families,’ the 
Group of Nile Basin, a dozen academics at 
Cairo University, asserted in a public state- 
ment in 2013. Even a smaller reduction in 
flow could affect the Nile’s ability to flush 
salts from the soil or keep Mediterranean 
Sea water from intruding aquifers. 

Outside experts say that if GERD is oper- 
ated in coordination with the Aswan High 
Dam, the direct impacts on Egypt’s water 
supply will be minimal. “They’re not going to 
lose, that’s for sure,’ says Amaury Tilmant, a 
civil engineer at Laval University in Quebec, 
Canada, who has modeled Nile water sup- 
ply. In fact, there could be net gains. Ideally, 
less water would be stored in hot, low-lying 
Lake Nasser, which loses roughly 10 billion m? 
each year from evaporation, and more would 
be stored behind GERD, which is higher and 
cooler. Ethiopia would release regular sup- 
plies, and Egypt would benefit from the in- 
crease in storage capacity, providing extra 
insurance during droughts. But Mohamed Al- 
lam of Cairo University, a former water min- 
ister, remains wary of Ethiopia’s intentions 
and thinks GERD was deliberately oversized. 
“They will continue to build dams in order to 
control every water drop for political reasons.” 

The greater strategic concern, Tilmant 
and observers say, ought to be Sudan. Once 
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Ancient rivals vie for upper hand in the Nile Basin 


Long North Africa's hegemon, Egypt in 1970 harnessed the Nile with the Aswan High Dam (see left) to expand irrigation and generate 2100 MW of hydropower, then half the 
country’s electricity. But others are now reaping benefits from the river. Sudan is poised to expand its irrigation, and since 2009 it has tripled its hydropower to 3000 MW (see 
right). The true powerhouse is Ethiopia with its high-elevation tributaries: It has built six major dams over the past 15 years that can generate 3500 MW, a sevenfold boost. The 
Grand Ethiopian Renaissance Dam (GERD) will give the country potential for nearly 10,000 MW in all—and control over much of the Nile's flow, sparking fear and anger in Egypt. 
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GERD has smoothed out the Blue Nile’s flow, 
Sudanese farmers are likely to take more wa- 
ter to intensify production and expand crop- 
lands. Egypt, where population is growing 
explosively, can ill afford to lose any water. 
“Already we have some deficit in our water 
resources,” says Alaa Yassin, professor of 
hydraulics at Alexandria University and ad- 
viser to the Ministry of Water Resources and 
Irrigation in Cairo. 

Of all the possible hazards, the most ter- 
rifying is posed by GERD’s saddle dam. It 
will stretch for 5 km between two hills to 
the south of the main dam and increase 
reservoir capacity fourfold. If it were to fail, 
a catastrophic flood would be unleashed, 
threatening millions of people. The 2013 ex- 
pert review said it lacked adequate documen- 
tation to verify that the saddle dam’s design 
is robust. Panelists worried that the struc- 
ture, which is made of crushed rock, might 
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slide under the weight of the water. And be- 
cause the saddle dam is built on weathered 
rock, rather than solid bedrock, water might 
seep underneath and weaken the structure. 
An expert group convened by Massachu- 
setts Institute of Technology (MIT) in Cam- 
bridge in 2014 reiterated those concerns. 
“This is going to be one of the biggest saddle 
dams in the world,’ says Dale Whittington, 
a water resources expert at the Univer- 
sity of North Carolina, Chapel Hill, and a 
member of the group. “It should be looked 
at very carefully.” In a response to the MIT 
report, Ethiopian scientists noted that Sa- 
lini Impregilo will use concrete to seal both 
the saddle dam and fractures in underlying 
rock. “It’s solid,” Seleshi says. The Egyptian 
view: “I can’t say I’m confident,’ Yassin says. 


AT THE DISPUTE’S NADIR in June 2013, 
Egyptian politicians were caught live on 
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TV floating the option of sabotaging the 
dam. But in March 2015, heads of the for- 
eign ministries and water agencies of the 
three countries pledged to agree on the 
reservoir’s filling and subsequent opera- 
tions. Egypt and Sudan praised Ethiopia 
for continued work to guarantee dam 
safety. “My view is that they’re not far away 
from a deal,” Grey says. 

After years of acrimony, no one expects 
a deal that ensures full cooperation and 
maximal benefits. “We need to be realistic 
about what’s possible,’ says Kaveh Madani, 
an environmental policy analyst at Imperial 
College London. But over the next 3 decades, 
the region’s population will double, adding 
nearly 200 million people who will need 
food and electricity. If trust can be created 
and GERD proves to be a smarter approach 
to tapping the Nile, that would be a revolu- 
tion in its own right. m 
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NATURE FROM NURTURE 


As Japan’s rice paddies go fallow, biodiversity suffers— 
raising questions about rewilding strategies the world over 


rasshoppers and dragonflies scat- 
ter as Atushi Ushimaru steps gin- 
gerly along the banks of a terraced 
rice paddy. The paddy margins are 
a tapestry of plants, among them 
dozens of vulnerable and _ near- 
threatened grassland species. The 
ecologist with Kobe University 
points out one showy example: an 
endangered relative of the sunflower found 
only in this part of central Japan and on Shi- 
koku Island, a couple hundred kilometers 
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By Dennis Normile, in Kobe, Japan 


away. The major threat it faces: In Japan, 
small, traditionally managed rice paddies 
like these are themselves endangered. 

In this tiny valley, about half the farm- 
land is abandoned, the once-meticulously 
manicured paddies turning into unkempt 
terraces overrun by vegetation. As Japan’s 
population shrinks and dietary prefer- 
ences shift, demand for rice is dropping. 
Nationwide, the area planted with rice has 
declined by half since the early 1960s, with 


many remote, difficult-to-farm paddies go- 
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ing to seed as elderly farmers retire and 
part-timers simply give up. 

One might assume that fewer humans 
would mean more nature. But Ushimaru has 
documented how these isolated rice terraces 
are unexpected hot spots of biodiversity. As 
more such paddies across Japan are aban- 
doned, he says, many rare plants and insects 
that have coexisted with Japanese farming 
for millennia, including the sunflower rela- 
tive (the yaburegasamodoki), are likely to fol- 
low traditional farmers into extinction. 
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For millennia, Japan’s farmers have encouraged 
vegetation to grow on terraced rice paddy banks to 
stabilize the soil. Many of the plant species are now 
found nowhere else. 


Japan is embarking on an unprecedented 
experiment as the human footprint on its 
territory shrinks. Its population could drop 
from a 2008 peak of 128 million to 86 mil- 
lion by 2060, according to one government 
projection. And that population is increas- 
ingly concentrated in cities. In some rural 
prefectures, one in 10 houses is empty, and 
local governments are demolishing thou- 
sands of derelict schools and other munici- 
pal buildings. 

Much of the country’s 
former farmland has been 
consumed by suburban de- 
velopment, but since 1961, 
276,000 hectares have sim- 
ply been allowed to revert 
to nature. The Ministry of 
Agriculture, Forestry and 
Fisheries forecasts that an- 
other 120,000 hectares will 
be taken out of production 
in the next decade. What 
happens in Japan “is very 
important and _instruc- 
tive for many areas of the 
world, even those coun- 
tries that are not shrink- 
ing at the national scale 
but may be experiencing 
regional shrinkage,” says 
Peter Matanle, a sociologist 
at University of Sheffield in 
the United Kingdom who 
studies Japan’s population decline. 

Japan offers a vivid case study in an on- 
going debate: whether allowing farmland 
to revert to nature is a boon to biodiversity 
or actually harms it. “Farmland abandon- 
ment is changing rural landscapes world- 
wide, but its impacts on biodiversity are 
still being debated in the scientific litera- 
ture,” Cibele Queiroz, an ecologist at Stock- 
holm University and colleagues noted in 
Frontiers in Ecology and the Environment 
in July 2014 after reviewing 276 papers on 
the topic. In Europe and North America the 
picture is mixed. But in Japan, Ushimaru 
and others are finding that as farmland 
abandonment continues and the human 
touch recedes from rural landscapes, spe- 
cies will suffer. 


MANY CULTURES nurture romantic vi- 
sions of an idyllic pastoral past, when farms 
coexisted peacefully with nature. In Japan, 
this notion is captured in the satoyama, or 
“mountain village.” The archetype is a clutch 
of traditional wooden buildings nestled in a 
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forested valley surrounded by rice paddies, 
vegetable plots, orchards, and pasture. 

But at an accelerating pace since the 1960s, 
traditional farming has come under pres- 
sure. Paddies have been consolidated and 
farmed more intensively. And now, demo- 
graphic and dietary shifts are picking up 
steam: In 2011, for the first time, Japanese 
households on average spent more on wheat 
products—bread and pasta—than on rice. 
Rice consumption has fallen from 118 kilo- 
grams per person per year in the early 1960s 
to 58 kg in 2013, and the population itself is 
now shrinking. (Wheat fields are not replac- 
ing the dwindling paddies, because most 


Abandoned rice terraces in Japan are soon overrun by vines and other invaders that crowd 
out grasses and weeds adapted to the paddy environment. 


wheat is imported.) The decline in rice culti- 
vation may accelerate because of the Trans- 
Pacific Partnership trade deal, expected to 
be ratified within a couple years, which 
would gradually open Japan’s protected rice 
market to imports. 

Researchers and farmers have long la- 
mented the decline of satoyama. But in the 
past 15 years, Ushimaru says, a new genera- 
tion of researchers has begun documenting 
the impact on biodiversity. With few excep- 
tions, the studies point in one direction. 
Writing in the Journal of Insect Conserva- 
tion in 2011, Yasuhiro Nakamura, execu- 
tive director of the Japan Butterfly Conser- 
vation Society in Tokyo, called the loss of 
satoyama ecosystems the “main cause” of 
steep declines in butterfly populations over 
40 years. In another example, Kazuhiro Ka- 
toh, a landscape ecologist at the Open Uni- 
versity of Japan in Chiba, and colleagues re- 
ported in Biological Conservation in 2009 
that the gray-faced buzzard—“vulnerable” 
on Japan’s Red List of Threatened Spe- 
cies—nests in forests in close proximity to 
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paddies and grasslands, where it preys on 
frogs, insects, and rodents. Degradation of 
any of those key ecosystem components 
hurts the buzzard. And in more than two 
dozen reports since 2000, Susumu Yamada 
of the University of Tokyo has concluded 
that “paddy weed communities are declin- 
ing with intensification and abandonment 
of agricultural activities.” 

Ushimaru has set out to unravel why tra- 
ditionally managed paddies create habitat 
for so many species. Paddies are rimmed 
by banks so that they can be flooded and 
drained. Since time immemorial, farmers 
have encouraged wild grassland plants to 
grow on the banks because 
the roots stabilize the soil. 
They mow the banks two or 
three times a year to keep 
the vegetation in check. 
Mowing ceases when farms 
are abandoned, and is scaled 
back when smaller plots are 
merged into large fields. 
Ushimaru’s team compared 
insect species richness in 
abandoned, traditional, and 
large paddies and concluded 
that the periodic mowing 
encourages diversity in the 
grassland plants that, in 
turn, support an array of 
butterflies, dragonflies, and 
grasshoppers, the group re- 
ported in Ecological Mono- 
graphs in 2014. 

Ushimaru believes this 
grassland diversity is rooted 
in history. In the 2012 book 
Grasslands and the Japanese, Ushimaru and 
two colleagues noted that early Japanese, 
like many primitive peoples, periodically set 
fires to create and maintain grasslands that 
first made hunting easier and later provided 
fodder for livestock. The scorched landscape 
paved the way for colonizing plants. Later, 
as rice cultivation displaced the seminatural 
grasslands, those plants and their depen- 
dent insects and birds adapted to thrive in 
the paddy environment. 

The terraced paddies that march up 
hillsides provide especially rich habitat. 
Reaching the terraces here near Kobe takes 
a 30-minute hike up a narrow road that 
winds through dense forest—a reminder 
that feudal-era villagers tried to hide pad- 
dies from tax collectors, who took a share 
of the rice crop. These high terraces are of- 
ten nutrient-poor, because fertilizer washes 
downhill—a condition that favors some wild 
plant species. Ushimaru has found that 
rare plants are more common in the upper 
reaches of terraced paddies than in consoli- 
dated or abandoned fields. 
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Japan’s gray-faced buzzard, listed as vulnerable to extinction, preys on creatures that thrive near traditionally farmed paddies, including rodents and the Japanese brown frog. 


Paddies also provide wetland habitat that 
has disappeared elsewhere, Ushimaru says; 
Japan has filled in many of its natural wet- 
lands and confined streams to rock-lined 
channels. Studies of birds highlight the im- 
portance of these artificial wetlands. A team 
led by Naoki Katayama, an ecologist at the 
National Institute for Agro-Environmental 
Sciences in Tsukuba, has found that aban- 
doned farmland is a boon to grassland birds, 
with larger numbers and a greater variety 
of warblers and other species. But wetland 
birds—the most threatened group in Japan— 
are losing out. The researchers found fewer 
egrets, herons, and other wetland species in 
abandoned and consolidated fields than in 
traditional paddies, particularly during the 
summer breeding season. 

The lack of diverse, undisturbed eco- 
systems near the abandoned paddies means 
that they are slow to revert to historically 
natural conditions, Ushimaru and others 
say. Neglected paddies are initially colonized 
by a few hardy species such as the aggres- 
sive kudzu vine and an invasive goldenrod 
from North America. “The low level of biodi- 
versity may persist for decades,” Katayama 
says. And the surrounding forests, home to 


other species that could succeed the first 
invaders, are a shadow of their old selves. 
Once a diverse mix of trees and shrubs, 
these forests are now mostly cedar, which 
leaves little sunlight for understory plants, 
Matanle says. And they are now choked by 
an invasive bamboo from China. 

Japan’s rewilding experience may fore- 
tell what’s coming elsewhere. “Japan is a 
pioneer for a more generalized Asian ex- 
perience,’ Matanle says. China and South 
Korea are both undergoing demographic 
shifts, changes in diets, and farmland in- 
tensification. Terraced rice paddies in Chi- 
na’s rural hillsides “are being abandoned as 
young people leave for the cities,’ says Yu 
Ping, a photographer who is documenting 
the impact of depopulation on China’s vil- 
lages. Some researchers are predicting im- 
pacts on biodiversity similar to those seen 
in Japan, though there is little relevant re- 
search yet. In Europe, too, many ecologists 
believe that traditional agricultural prac- 
tices coevolved with flora and fauna over 
millennia; the loss of small farms, they say, 
imperils this biodiversity. 

By contrast, in the Americas and Oceania 
the arrival of European agricultural prac- 


Fewer paddies, fewer mouths 


Declining rice consumption and an aging, shrinking popu 


ation are together whittling down the area of active 


farmland in Japan, from a peak of 6.1 million hectares in 1961 to 4.5 million hectares in 2015. The Ministry of 
Agriculture estimates that an additional 120,000 hectares could be taken out of production in the next decade. 
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tices over the last several hundred years is 
seen as “very harmful to local biodiversity,” 
Queiroz says. There, many researchers be- 
lieve, abandoned farmlands will revert to 
pre-European pristine conditions and al- 
low biodiversity to thrive. “In these places, 
agricultural abandonment provides an op- 
portunity for the native landscapes to re- 
cover,” Queiroz says. 

Henrique Pereira, a biodiversity ex- 
pert at the German Centre for Integrative 
Biodiversity Research in Leipzig and an 
editor of the 2015 book Rewilding Aban- 
doned Landscapes in Europe, argues that 
the prevailing view of traditional agricul- 
ture underestimates the damage it did to 
biodiversity and the environment. In some 
instances, he concedes, it might be desir- 
able to maintain an agricultural landscape 
to preserve particular species. However, “at 
global scales, this is rarely needed,” he ar- 
gues. “Rewilding is a management strategy 
that should be considered in any situation 
of large-scale abandonment.” 

Japanese researchers disagree. Turning 
paddies back into forests would have little 
payoff, they say, because Japan already 
has plenty of forested habitat, while many 
species on paddy edges are threatened by 
habitat loss. “I am fearful that rewilding 
will increase the extinction probability of 
many farmland species in Japan,” Katayama 
says. Pereira concedes that “any strategy for 
large-scale rewilding of rice paddies should 
involve the restoration of wetlands.” This 
would be difficult, Japanese researchers 
say, because development has wiped out so 
many of the country’s wetlands. 

Meanwhile, demography is steadily work- 
ing against the satoyama and the species 
they host. At the hidden terraces near Kobe, 
Ushimaru says, the youngest farmer working 
the paddies is about 60. None of their chil- 
dren or grandchildren is interested in the la- 
borious occupation. “I don’t see a solution to 
this problem,” Ushimaru says sadly. & 
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Getting a drink. Countries around the 
world differ in their approach to delivering 
safe drinking water to their citizens. The 
photo shows a young boy drinking from a 
waterfront tap in Guam, USA. 
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How do you like your tap water? 


Safe drinking water may not need to contain a residual disinfectant 


By Fernando Rosario-Ortiz,!” Joan Rose,’ 
Vanessa Speight,* Urs von Gunten,”°* 
Jerald Schnoor?® 


he expectation that tap water is safe 
has been sorely tested by the recent 
events in Flint, Michigan, where lead 
contamination has caused a public 
health emergency (J). Apart from 
contamination with heavy metals and 
other harmful substances, a key concern is 
the control of microbial contamination. To 
prevent microbial growth and protect con- 
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sumers from pathogens from other sources, 
some countries, such as the United States, 
require the presence of residual disinfectant 
in drinking water. However, the presence 
of a disinfectant can lead to the formation 
of potentially carcinogenic disinfection by- 
products, issues with corrosion, and com- 
plaints based on the fact that people dislike 
the taste of disinfectants in their water (2). 
The experience of several European coun- 
tries shows that such residual disinfectants 
are not necessary as long as other appropri- 
ate safeguards are in place. 
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From the early 1900s, the control of mi- 
crobial waterborne pathogens, including 
Salmonella typhi and Vibrio cholera, led to 
a major reduction of waterborne diseases 
in the industrialized world. Filtration and 
chlorine disinfection reduced mortality in 
the United States substantially. But in 1974, 
chloroform, a probable human carcinogen 
formed by the reaction of chlorine with 
naturally occurring organic matter, was 
discovered in chlorinated drinking water. 
This discovery led to a debate about micro- 
biological safety versus exposure to harm- 
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ful substances, and the overall effectiveness 
of disinfectants in the distribution system 
(3, 4). Furthermore, disinfectants can con- 
tribute to the leaching of lead from pipes in 
older distribution systems (5). 

In some European countries (including 
the Netherlands, Switzerland, Austria, and 
Germany), drinking water can be delivered 
to consumers without a residual disinfec- 
tant as long as there is adequate source 
protection, treatment, and maintenance of 
the distribution system to prevent growth 
of pathogenic bacteria and additional con- 
tamination events (see the figure). If one 
of these elements is missing or improperly 
managed, disinfectants are added to the 
distribution system to maintain a residual 
and a margin of safety. 

In the United States, unprotected surface 
waters often serve as source water. Treat- 
ment includes coagulation, sedimentation, 


Intake pumping station 


»————— Groundwater 


Grountiwatel 


The choice between the two approaches 
is based on balancing the risk of microbial 
contamination, exposure to disinfection by- 
products and the taste and odor of chlorine. 
In western Europe, eliminating the use of dis- 
infectant during distribution certainly limits 
the formation of disinfection byproducts, but 
does it result in increased incidence of dis- 
ease? And in the United States, how effective 
is maintaining a disinfectant residual in re- 
ducing the frequency of disease outbreaks? 
Also, what level of investment is needed to 
limit problems associated with old infrastruc- 
ture, such as in the case of Flint? Estimates 
have ranged from tens of millions to $1.5 bil- 
lion USD for Flint alone, and many other cit- 
ies have similar infrastructure problems. 

There is little direct evidence that disin- 
fectant residuals have prevented drinking 
water-related disease outbreaks (including 
aerosol-associated cases of Legionella). A 


contamination events. In the Netherlands, 
at least half of the water distribution pipes 
have been replaced since the 1970s; as a re- 
sult, pipe networks are, on average, 33 to 37 
years old (8). Although there are regional 
differences, an estimated 22% of the pipes 
in the United States are more than 50 years 
old; the average age of pipe at failure is 47 
years, and only 43% of pipes are considered 
to be in good or excellent condition (9). In 
the United Kingdom, as much as 60% of 
pipe inventory does not have a record of 
pipe age, and estimates of average pipe age 
are on the order of 75 to 80 years overall 
(10). The use of a disinfectant residual is re- 
quired in the United Kingdom (11). 

Leakage is one measure of vulnerability 
of the distribution system. It is as low as 6% 
in the Netherlands, compared to 25% in the 
United Kingdom and 16% in the United States 
(8, 12, 13). Generally, United States distribu- 
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Multibarrier approach to drinking water safety. Filtering through soil and/or sand-gravel aquifers protects source waters from many microbial contaminants. Well-controlled 
water treatment includes particle removal, disinfection, biological filtration, and removal of natural organic matter. Water can then be distributed to consumers without addition of a 
disinfectant residual, but with the capacity to do so in the event of leaks or repairs. 


filtration, and disinfection with specific 
contract times. The water is then distrib- 
uted to the consumer with a residual chemi- 
cal disinfectant (chlorine, chlorine dioxide, 
or chloramines) as a last barrier against 
contamination. 
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comparison of waterborne disease outbreak 
data from the Netherlands, United Kingdom, 
and United States shows that the Nether- 
lands has a very low risk of waterborne dis- 
ease. For these three countries, the rates of 
outbreaks per 1000 population in the last few 
years were 0.59, 2.03, and 2.79, respectively 
(6, 7). It seems that the presence of a disin- 
fectant in the distribution system does not 
guarantee lower rates of disease outbreaks. 
However, small groundwater systems that 
are not chlorinated and are typically used 
intermittently have caused the most recent 
outbreaks in the United States (6). 

An additional consideration in the de- 
bate about disinfectant residuals is the 
robustness of the infrastructure against 
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tion systems have longer retention times, 
which may promote microbial regrowth and 
disinfection byproduct formation. Mainte- 
nance of adequate pressure can provide a 
barrier against contaminant intrusion, but 
excessive water pressure, including tran- 
sients, can lead to pipe breaks. In fact, drink- 
ing water infrastructure in the United States 
is in serious need of investment, including 
the replacement of lead-lined pipes or con- 
nections that are found in many households. 

It should be noted that there are differ- 
ences in drinking water costs between Eu- 
rope and the United States. Water prices in 
some western European countries are on 
average two to three times higher than in 
the United States (14). It is clear that pricing 
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for potable water also needs to be evaluated 
to determine how much should be spent to 
ensure microbiological safety and integrity 
of the distribution system. 

To understand the long-term properties 
of water distribution systems, comparative 
data are needed on water quality, disease 
outbreaks, and distribution system fail- 
ures from all approaches used to produce 
potable water. The water microbiome in 
distribution pipes and the definition of mi- 
crobiologically safe water should be further 
investigated. In addition, improved moni- 
toring and emerging sensor technology can 
provide warnings and alerts, helping to de- 
termine when to restore and protect exten- 
sive pipe assets. In the case of green water 
infrastructure, which includes water recy- 
cling, rainwater harvesting, and solar water 
heating, multiple barriers will be necessary 
to prevent opportunistic pathogens such 
as Legionella, which is higher in buildings 
with green water designs and longer water 
residence times (75). But the European evi- 
dence to date suggests that safe water can 
indeed be delivered without a disinfectant 
residual, as long as there are multiple barri- 
ers in operation. & 
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Ion-specific standards are 
needed to protect biodiversity 
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any human activities—like agricul- 

ture and resource extraction—are 

increasing the total concentration 

of dissolved inorganic salts (i.e., 

salinity) in freshwaters. Increasing 

salinity can have adverse effects 
on human health (J); increase the costs of 
water treatment for human consumption; 
and damage infrastructure [e.g., amount- 
ing to $700 million per year in the Border 
Rivers catchment, Australia (2)]. It can 
also reduce freshwater biodiversity (3); 
alter ecosystem functions (4); and affect 
economic well-being by altering ecosystem 
goods and services (e.g., fisheries collapse). 
Yet water-quality legislation and regula- 
tions that target salinity typically focus on 
drinking water and irrigation water, which 
does not automatically protect biodiversity. 
For example, specific electri- 
cal conductivities (a proxy for 
salinity) of 2 mS/cm can be 
acceptable for drinking and irrigation but 
could extirpate many freshwater insect spe- 
cies (3). We argue that salinity standards for 
specific ions and ion mixtures, not just for 
total salinity, should be developed and le- 
gally enforced to protect freshwater life and 
ecosystem services. We identify barriers 
to setting such standards and recommend 
management guidelines. 

Attempts to regulate salinization on the 
basis of ecological criteria can be found in 
the United States and Australia, where total 
salinity recommendations have been made 
(5, 6). Even these criteria are insufficient to 
protect freshwater life, because waters with 
the same total amount of salts but differ- 
ent ionic composition can have markedly 
different effects on freshwater fauna (7). 


POLICY 
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Canada and the United States are the only 
countries in the world that identify concen- 
trations of a specific ion (chloride) above 
which freshwater life will be harmed (6, 8). 
Globally, concentrations of other ions (e.g., 
Mg”, HCO,>) remain free from regulation 
in spite of their potential toxicity (9). 

The situation will likely worsen in the fu- 
ture, because predicted increase in demand 
for freshwater will reduce the capacity of 
surface waters to dilute salts, and increas- 
ing resource extraction and other human 
activities (10) will generate additional sa- 
line effluents and runoff. Climate change 
will likely exacerbate salinization by caus- 
ing seawater intrusion in coastal freshwa- 
ters, increasing evaporation, and reducing 
precipitation in some regions (11). 


SETTING STANDARDS. Scientific under- 
standing of mechanisms by which in- 
creasing salinization damages freshwater 
ecosystems is in its infancy, which makes 
it challenging to develop and implement 
standards protective of freshwater life. 
Technical challenges are exacerbated by 
the fact that salinization risks perceived by 
the public and policy-makers may be much 
lower than those identified by scientists. In 
addition, although scientific input has been 
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Wetland salinization. Feeder creek at Bottle Bend Lagoon, a wetland near Midura, Australia, where inadequate water management in the past has led to salinization and acid sulfate soils. 


used to set standards, there has been inad- 
equate integration of costs of salinity and 
benefits of controls. 

Several countries have specific require- 
ments for developing and implementing 
water-quality standards, e.g., the Austra- 
lian and New Zealand Environmental and 
Conservation Council (ANZECC), the Agri- 
culture and Resource Management Council 
of Australia and New Zealand (ARMCANZ), 
the Clean Water Act in the United States, 
and the Water Framework Directive and 
related legislation in the European Union. 
We draw on these experiences and recom- 
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mend an integrated approach to standards 
development and management that in- 
cludes a triple bottom line (TBL) approach, 
a well-established framework with multiple 
stakeholder input used to account for so- 
cial, economic, and environmental impacts 
of management options. This should pro- 
duce ecologically meaningful and protec- 
tive salinity standards for any jurisdiction, 
although the amount of work needed will 
vary widely depending on available data 
and existing regulatory structures. Compo- 
nents are the following. 

(i) Characterize water bodies to which 
standards will apply. Freshwaters natu- 
rally vary in ionic concentrations and com- 
position because of underlying geology, 
proximity to the ocean, and hydrology (3). 
Protecting organisms adapted to widely 
differing ion concentrations will require 
locality-specific standards based on natural 
background ion concentrations. Such con- 
ditions can now be estimated for any water 
body, which makes site-specific standards 
possible (12). 

(ii) Characterize ionic composition (1.e., 
concentrations of specific tons and their 
ratios) of effluents associated with each ex- 
isting driver of salinization in the region. 
Also, assess the technical potential to re- 


Published by AAAS 


duce effluent loads and total flows and the 
social and economic impacts associated 
with these reductions. 

(iii) Quantify potential effects of each class 
of saline effluent in the region and identify 
thresholds for toxic effects. Quantifying rela- 
tionships between biota and ionic composi- 
tion from field survey data can help identify 
taxa at potential risk and prioritize toxicity 
experiments. As with other contaminants, 
both laboratory bioassays (e.g., lethal concen- 
tration 50 or whole-effluent toxicity tests) and 
longer-term mesocosm experiments should 
be used to quantify toxicity of different ions 
to a representative set of species (e.g., fish, 
amphibians, invertebrates, and algae). 

(iv) Ensure that standards are informed by 
the best available science and understanding 
of costs and benefits. Stakeholder involve- 
ment is crucial to ensuring that arrange- 
ments will be implemented and enforced in 
practice (13). This process needs to be struc- 
tured to promote communication and social 
learning across different constituencies, so 
as to ensure that scientific results are under- 
standable by policy-makers, affected stake- 
holders, and the public. Sound integration 
of insights from natural and social sciences 
will help all parties understand the risks and 
opportunities of different options for protec- 
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tion and restoration. Such analyses should 
be based ideally on state-of-the-science tech- 
niques of decision support and benefit-cost 
analysis that account for the diversity of soci- 
etal values (including market and nonmarket 
values) associated with the causes and conse- 
quences of salinization. Given that evidence 
will improve, developing standards and wider 
governance arrangements will require an it- 
erative approach over time. The Australian 
Murray-Darling Basin salinity management 
strategy (/4) is an example of how planning 
and consultation can lead to catchment-spe- 
cific salinity targets. This strategy sits within 
the overall Murray-Darling Basin Plan, where 
legislation requires a TBL approach. 


MANAGEMENT MEASURES. Several man- 
agement actions could help meet existing 
and emerging standards and could prevent 
or remediate damage associated with fresh- 
water salinization. Essential to all of these 
options is providing incentives for reducing 
salinization, such as by market-based instru- 
ments, subsidies for technology development 
and implementation, or load-based charges 
on saline effluents. Examples of good prac- 
tices include the following. 

(i) Implement agriculture practices that 
use less water and thereby reduce salt load- 
ing to freshwaters. For example, the Colo- 
rado River Basin Salinity Control Program 
has reduced salt loading to the river by an 
estimated 1.3 million tons/year, mostly by im- 
proving irrigation practices (75). 

(ii) Reduce or eliminate the use of salts as 
pavement deicers by making more effective 
application and use of the salts that are ap- 
plied or by using alternative deicers. 

(iii) Reduce point-source production and 
discharge of salts to freshwaters. For exam- 
ple, innovative methods of resource extrac- 
tion that sequester soluble minerals away 
from water sources have potential to reduce 
effluent discharge to streams. 

(iv) Implement cap-and-trade schemes. 
This cost-effective approach is being used 
in Australia (e.g., the Hunter River Salinity 
Trading Scheme), where miners and power 
generators trade permits to discharge salt- 
rich effluents during moderate to high flow 
periods. 

(v) Develop specific management options 
for salt-rich effluents. Salt-rich urban dis- 
charges could be routed to retention basins 
rather than treatment plants or streams. 
Although currently prohibitively expensive, 
water desalinization may become a viable 
treatment, particularly solar-powered sys- 
tems, such as are in development in the Mid- 
dle East. Recovering salts could reduce costs, 
e.g., using magnesium to recover ammonia 
and phosphate in the form of struvite, which 
has commercial value. 
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(vi) Promote practices that reduce salini- 
gation. Recognition of water-wise products 
(e.g., via eco-labels) or support for direct eco- 
nomic incentives to commercialize crops that 
demand less water (14) can be useful tools to 
alter behaviors. 

Fortunately, few large-scale ecological 
disasters have been caused by salinization of 
freshwater ecosystems to date, but those that 
have [e.g., the fisheries collapse in the Aral 
Sea in Central Asia (16)] should be a wake-up 
call. International cooperation and scientific 
knowledge-sharing are needed to develop 
solutions that can be applied globally. Expe- 
riences like those near the river Werra in Ger- 
many, where a combination of total ion and 
ion-specific discharge requirements led to 
ecosystem recovery (17), show that rehabilita- 
tion of salt-polluted freshwater ecosystems is 
possible. Prevention of salt damage is much 
more likely if water managers, stakeholders, 
and scientists work together to identify so- 
cial, economic, and ecological costs and the 
benefits that can accrue from prevention and 
restoration. & 
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DNA 


Breaking DNA 


A long-sought protein 
that helps to break DNA 
is finally discovered 


By Corentin Claeys Bouuaert and 
Scott Keeney 


Oo maintain a constant number of 
chromosomes from one generation to 
the next, sexual organisms reduce the 
genome complement in their gam- 
etes through the specialized cellular 
division of meiosis. Accurate separa- 
tion of homologous chromosomes during 
meiosis relies on a dedicated mechanism 
of DNA recombination that is initiated by 
DNA double-strand breaks (DSBs) made 
by a protein called sporulation protein 11 
(Spoll) (1). Meiotic recombination helps 
connect homologous chromosomes to pro- 
mote their accurate segregation, and also 
shuffles alleles between homologous chro- 
mosomes to increase diversity. Spoll is en- 
coded in nearly all sequenced eukaryotic 
genomes, and it is likely that most species 


“meiotic cells play the risky 
game of forming a great 

deal of...self-inflicted DNA 
damage...” 


that carry out meiotic recombination use 
Spoll-generated DSBs as the initiators (2). 
Spoll is thus an ancient and fundamental 
part of sexual reproduction. On pages 939 
and 943 of this issue, Vrielynck e¢ al. (3) and 
Robert et al. (4) report the discovery of a 
long-sought partner of Spoll in plants and 
mice, respectively. 

Spoll evolved from an ancestral type 
II DNA topoisomerase (Topo VI) that is 
found today in Archaea and a few eukary- 
otic lineages, including some plants (2). 
Topoisomerases create transient breaks in 
DNA to change DNA supercoiling or un- 
tangle intertwined DNA duplexes, thereby 
facilitating processes such as transcription 
or replication. Topo VI comprises two “A” 
subunits that cleave DNA and two “B” sub- 
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units that use adenosine triphosphate (ATP) 
binding and hydrolysis to control DNA cut- 
ting and to effect cycles of “gate”-closing and 
-opening that are needed for DNA strand 
passage (see the figure) (5). 

Not surprisingly, Spoll derives from the 
DNA-cleaving A subunit (6, 7), but the evolu- 
tionary fate of the B subunit has been a mys- 
tery because no meiotic equivalent to the B 
subunit had ever been identified. This mys- 
tery has been solved with the discovery of a 
Topo VIB-like partner of Spoll by Vrielynck 
et al. and Robert et al. This is a landmark 
achievement that has important implica- 
tions for understanding the mechanism and 
regulation of meiotic DSB formation. 

Vrielynck et al. performed a forward ge- 
netic screen in the plant Arabidopsis thali- 
ana, searching for mutants with reduced 
fertility. The authors mapped two mutant 
alleles to a gene that, based on sequence 
similarity alone, did not reveal homology to 
any known functional domains. However, 
structural model-based homology searches 
revealed a match with archaeal Topo VIB. 
Indeed, the identified protein—named 
MTOPVIB for “meiotic’—retains most of 
the structural features of the ancestral Topo 
VIB, including the transducer domain that 
interacts with the A subunit and the ATP- 
binding fold (5). It is not known whether 
the latter region, known as the GHKL fold 
(for gyrase, Hsp90, histidine kinase, MutL), 
retains ATP binding and hydrolysis activity. 

As expected for a bona fide partner of 
Spoll, Vrielynck et al. found that MTOPVIB 
is essential for DSB formation and inter- 
acts with both SPOII-1 and SPO11-2, the 
two Spoll paralogs that are both required 
for meiotic DSB formation in A. thaliana 
(3). Interestingly, MTOPVIB supports an 
interaction between SPO11-1 and SPO11-2, 
which suggests that they may assemble into 
a heterotetrameric complex containing both 
SPOII variants. This solves a long-standing 
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puzzle as to how SPO11-1 and SPO11-2 might 
work together to make DSBs. 

Robert et al. set out to identify the mouse 
(Mus musculus) MTOPVIB ortholog. Clever 
molecular sleuthing involving computa- 
tional methods to recognize weak homology 
between highly diverged protein sequences 
led them to a meiosis-specific mouse gene 
that they have named Top6bl, for Topo 
VIB-like. As for its A. thaliana counterpart, 
mouse TOP6BL protein is predicted to be 
structurally similar to archaeal Topo VIB 
and is essential for meiotic DSB formation. 
TOP6BL interacts physically with mouse 
SPO11 and, interestingly, does so specifi- 
cally with the B isoform of SPO11, a splicing 
variant that is responsible for the majority 
of DSBs in mice. Remarkably, TOP6BL does 
not appear to interact with SPOllo, which 
lacks a 38-amino acid segment in the N- 
terminal part of the protein that was pre- 
viously suggested to be equivalent to the B 
subunit binding interface on archaeal Topo 
VIA (5). When coexpressed in Escherichia 
coli, TOP6BL and SPO11B can be purified as 
a complex that behaves as a heterotetramer. 

Robert et al. also searched in other eu- 
karyotes and made the surprising discov- 
ery that Saccharomyces cerevisiae Rec102, 
Schizosaccharomyces pombe Rec6, and 
Drosophila melanogaster MEI-P22 each 
have structural similarity to the archaeal B 
subunit. This is impressive detective work 
because, although the yeast and fly proteins 
have been known for years to be required 
for DSB formation and the yeast proteins 
had long been connected physically to 
Spoll (J), the structural similarity to Topo 
VIB had never been noticed before. How- 
ever, unlike the mouse and plant proteins, 
those from yeast and fly share homology 
only to the Topo VIB transducer domain 
and lack the GHKL fold. This points to the 
possibility of intriguing mechanistic vari- 
ability in the core DSB machinery of these 
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organisms or may suggest that there are as 
yet unidentified subunits that have taken 
over the (still hypothetical) ATP binding 
and hydrolysis activity. 

The studies of Vrielynck et al. and Rob- 
ert et al. change our view of the initiation 
of meiotic recombination by showing that 
the core DSB machinery resembles the an- 
cestral topoisomerase more closely than 
anticipated. In principle, DNA topology- 
changing strand passage might no longer 
have been required once the ancestral 
topoisomerase VI had been co-opted to 
catalyze meiotic DSBs during the evolution 
of sexual reproduction. It was therefore not 
clear a priori that Spoll would need to re- 
tain a B-type subunit. That it does suggests 
that there are new regulatory mechanisms 
within the DSB machinery to be revealed. 
So far, mechanistic studies of meiotic re- 
combination initiation have been lacking, 
largely because of the insolubility of recom- 
binant Spoll. The successful coexpression 
and purification of mouse TOP6BL and 
SPO11 may thus open new avenues for bio- 
chemical investigation. 

DSBs are intrinsically dangerous, yet mei- 
otic cells play the risky game of forming a 
great deal of this self-inflicted DNA dam- 
age, numbering in the hundreds of DSBs 
per meiotic cell in yeast and mouse (8). Topo 
VIB now finally joins Spoll at center stage in 
this process. & 
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ORGANIC CHEMISTRY 


Lewis acids turn unreactive substrates 
into pure enantiomers 


Chiral organic anion binding to silyl cation provides a new platform for organocatalysis 


By Audrey Dumoulin and 
Geraldine Masson* 


symmetric synthesis, reactions that 

produce a high proportion of one en- 

antiomer of a chiral compound rela- 

tively to the other, are of ever-growing 

importance, particularly for creating 

pure pharmaceuticals. Asymmetric 
catalysis (7) uses a recyclable or regenerated 
chiral molecule to perform these reactions, 
but achieving high yields can be challenging 
if the substrate is relatively unreactive. On 
page 949 of this issue, Gatzenmeier et al. (2) 
report a highly efficient method that relies 
on an in situ-generated catalyst to produce 
complex structures in excellent yields of al- 
most pure enantiomers from low-reactivity 
starting materials. 

Chiral catalysts interact with substrates to 
create an asymmetric environment around 
a newly formed chiral center. Among strat- 
egies used by organic chemists to organize 
this interaction, Lewis acid organocatalysis, 
which uses chiral electron-deficient organic 
molecules (neutral or cationic) to address 
specific functional groups in substrates, has 
gained considerable attention because of their 
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environmental advantages over traditional 
metal-centered catalysts. Nevertheless, the 
benefits of these organic catalysts have been 
tempered by the lack of sufficiently strong 
Lewis acids to activate unreactive substrates 
and by the need for large catalyst loadings. 
Silicon-based catalysts, whose Lewis acidity 
can be easily enhanced by the introduction 
of less Lewis basic counteranions, have been 
routinely used as organic Lewis acids (3, 4). 
However, despite their high catalytic activity, 
few chiral silyl cationic catalysts (combin- 
ing one or more chiral groups and a strong 
activation capacity in a single entity) have 
been developed. The emerging concept of 
asymmetric counteranion-directed catalysis 
(ACDC), a type of catalytic system that uses 
an enantiopure anion to induce enantiose- 
lectivity in a reaction arising from a cationic 
intermediate (5-7), allows both functions of 
asymmetric catalysis to be performed with 
separate partners, so the reactivity of each is 
easier to tune. 

In 2009, List and co-workers (8) disclosed 
a highly enantioselective, silyl cation-cata- 
lyzed Mukaiyama aldol reaction that relies 
solely on the chirality of an anionic counter- 
ion (a disulfonimide anion) (see the figure, 
panel A) to induce asymmetry. Interestingly, 
extremely low catalyst loadings sufficed, thus 
demonstrating high catalytic performance of 
these new Lewis acids. However, in the Mu- 
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kaiyama aldol reaction, preactivation of one 
substrate under the form of an O-silylated 
oxonium is required (see the figure, panel A), 
adding an extra step to the overall process. 

Gatzenmeier et al. considered whether 
this new mode of chiral anion-directed 
asymmetric silyloxonium activation could 
be expanded to a more challenging reaction 
in which the silylated reagents would not 
be required. In this context, the Diels-Alder 
reaction—a [4 + 27] cycloaddition between 
a diene and a dienophile for the construction 
of six-membered carbocycles—was selected. 
Despite numerous advances in enantioselec- 
tive Diels-Alder reactions, some dienophiles 
remain poorly reactive toward this transfor- 
mation, such as o,f-unsaturated esters called 
cinnamates (9). 

The only previous example using cinna- 
mates, reported by Ryu and Corey (JO), re- 
quired very high catalyst loadings. Based on 
their work, Gatzenmeier et al. performed the 
silylation of this unreactive o,f-unsaturated 
ester in situ to provide a cationic, more reac- 
tive dienophile. An enantiopure anion could 
then ion-pair with this cationic dienophile 
and create an asymmetric environment for 
the Diels-Alder reaction to take place (see 
the figure, panels B and C). The silyl-transfer 
reagent needs to be regenerated at the end 
of the process in order for it to be part of the 
catalytic system. 


B_ Catalytic cycle for the Lewis acid catalyzed Diels-Alder reaction 
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Chiral disulfonimides were first examined 
as chiral counterion precursors in this reac- 
tion but had mediocre activity. Considering 
that the nature of counteranions strongly 
influences Lewis acidities of the cationic 
partners, Gatzenmeier et al. decided to in- 
vestigate the Diels-Alder reaction with carb- 
anions, which would be expected to form a 
combination of greater overall Lewis acidity. 
To evaluate those carbon-centered anions, 
they designed a range of enantiopure C-H 
acid precatalysts that would react in situ 
with the silyl-transfer reagent to generate an 
ion pair as a catalyst (see the figure, panels B 
and C). With respect to the substrate scope, 
Gatzenmeier et al. achieved impressive ste- 
reoinductions (up to 97:3 enantiomer ratio) 
and excellent yields in such a transformation. 
The protocol can be applied to a variety of 
cinnamates, including hetero-aromatic sub- 
strates, showing its wide applicability. Fur- 
thermore, this strategy cleverly combines the 
benefits of silylated compounds (nontoxic 
and air and water stable) with exceptionally 
low catalyst loadings (only 1 mole percent). 

The work of Gatzenmeier et al. allows 
normally unreactive cinnamates to undergo 
Diels-Alder cyclization. This method of acti- 
vation based on the tunability of Lewis acids 
could give rise to extensive applications in 


“This method of activation 
based on the tunability of 
Lewis acids could give rise 
to extensive applications in 
any challenging Lewis-acid- 
catalyzed reaction.” 


any challenging Lewis-acid-catalyzed reac- 
tion. More broadly, through its C-H acidic 
function, this new catalyst could turn into an 
effective alternative in reactions catalyzed by 
Bronsted acids. & 
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Maternal T,,17 cells take a 
toll on baby’s brain 


Infection produces an immune molecule that 
interferes with brain development 


By Myka L. Estes and 
A. Kimberley McAllister 


he possibility that microcephaly is 

caused by Zika virus has made recent 

alarming headlines. Although few 

people had previously heard of an 

association between infection dur- 

ing pregnancy and changes in brain 
development, epidemiologists have known 
about this connection for many years. 
Moreover, mounting evidence suggests that 
maternal immune activation (MIA) alone is 
sufficient to alter brain development and 
may be causally linked to autism spectrum 
disorder (ASD) (1-3). How could the mater- 
nal immune system, which normally serves 
to protect mother and child from environ- 
mental insults, cause changes in brain de- 
velopment? On page 933 of this issue, Choi 
et al. (4) uncover an important component 
of this immune pathway: a critical signal 
from a special class of cells in the mother’s 
immune system, called T helper 17 (T,,17) 
cells, that alters brain development in her 
fetal offspring (see the figure). These find- 
ings have exciting implications for the de- 
velopment of new treatments to prevent 
ASD caused by maternal infection. 

How does the mother’s immune system, 
which has limited access to the fetal com- 
partment, alter brain development? Cyto- 
kines, immune system signaling molecules 
that are generated in response to infection, 
can cross the placental boundary and are 
critical for MIA to change brain develop- 
ment and behavior in offspring. One of 
the first cytokines elevated in the serum of 
pregnant mice after immune activation is 
interleukin-6 (IL-6). This increase is neces- 
sary and sufficient for MIA to alter brain 
development and behavior in offspring (5). 
Choi et al. have now identified another 
cytokine, IL-17, that is necessary and suf- 
ficient to mediate the effects of MIA. But 
this isn’t just another cytokine to add to the 
steadily growing list of factors implicated 
in MIA. Choi et al. convincingly show, us- 
ing several genetic mouse models and tar- 
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geted blockade, that IL-17 acts downstream 
of IL-6 in offspring after MIA. Whereas 
previous studies identifying cytokines in- 
volved in MIA raised more questions than 
they answered, Choi et al. present an im- 
pressive series of experiments demonstrat- 
ing the role of IL-17 in mediating the effects 
of MIA in offspring. Moreover, the authors 
have identified its cellular source: IL-17 is 
secreted by T,,17 cells present in the moth- 
er’s circulating blood, where it crosses the 
placenta and acts in the brain of develop- 
ing offspring. IL-17 increases the cellular 
expression of IL-17 receptor, further in- 
creasing IL-17 signaling in the fetal brain. 
This sequence of events is required for MIA 
to cause cortical malformations and the 
three core behavioral abnormalities associ- 
ated with ASD (4). How IL-17 exerts its ef- 
fects, and upon which cells and with what 
molecular consequences, is still a mystery, 
especially because the literature on IL-17 
signaling in the brain remains limited and 
contradictory. 

Although IL-17 and the cells that pro- 
duce it, T,,17 cells, have been implicated in 
ASD through both genetic associations and 
observations of elevated IL-17 concentra- 
tion in the blood of children (6-8), there 
was no evidence for a role for T,17 cells in 
MIA until the Choi et al. study. T,17 cells 
protect against bacterial and fungal patho- 
gens, especially at mucosal surfaces such 
as the gut, and are an important part of 
an inflammatory response to infection (9). 
T,17 cells may also be critical for the de- 
velopment of autoimmunity and have been 
implicated in numerous animal models of 
autoimmune disorders (70). For their study, 
Choi et al. used a specific mouse strain that 
is widely used to generate animal models 
for experimental autoimmune encephalo- 
myelitis and obesity-induced diabetes (71). 
This choice may have produced a more 
relevant and robust phenotype relative 
to other mouse strains commonly used to 
study MIA. 

The strain used in Choi e¢ al. exhibits a 
propensity for T,17 polarization due to a 
distinct microbiota signature, whereas mice 
lacking T,,17-inducing microbiota, and there- 
fore having barely detectable levels of T,,17 
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ily history of autoimmunity in 
ASD (J) and would imply that 
infection in pregnant women 
with increased T,,17 cell num- 
bers might lead to a greater 
likelihood of ASD in offspring. 

With their discovery that in- 
jection of a function-blocking 
antibody to IL-17 after MIA 
induction in mice decreases 
the severity of some ASD be- 
haviors in offspring, Choi et 
al. raise the possibility that 
pharmacological intervention 
in the IL-17 pathway could 
prevent ASD caused by mater- 
nal infection. It is important 
to note, however, that the sub- 
set of pregnant mothers who 
experience a strong infection 
and will go on to have a child 
with ASD is incredibly low (/, 
3). Moreover, cytokines are 
sneakily versatile—just when 
you think you know what 
they're up to, they turn out 
to be integral to some unre- 
lated process. Thus, inhibit- 
ing IL-17 in infected mothers 
may have consequences as 
detrimental as the infection 
itself, because many cytokines 
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Maternal immune activation (MIA). The hypothetical model shown 

is based on mouse experiments and illustrates that MIA, possibly in 
combination with a predisposition for autoimmunity, leads to an increase 
in T,17 cells in maternal blood. These cells release IL-17, which crosses 
the placenta and increases expression of the IL-17 receptor in the 
offspring’s brain. This in turn leads to ASD-related cortical and behavioral 


play important roles in typi- 
cal brain development (7). The 
study by Choi et al. suggests 
that women with T,17 skew- 
ing may have a much higher 
risk that ultimately warrants 


abnormalities in the offspring. 


cells, are often used to generate the MIA 
model (9, 17-13). This altered baseline im- 
mune response may explain the surprising, 
long-lasting increase in IL-1f concentration 
in maternal blood observed by Choi e¢ al. in 
pregnant mice after they were injected with 
polyinosinic-polycytidylic acid [poly(1:C)], 
relative to the transient increase in IL-18 
blood concentration typical of other mouse 
strains (14). Poly(I:C) is a synthetic double- 
stranded RNA that tricks the immune sys- 
tem into responding as though the host is 
infected with a virus. Poly(I:C) injection to 
induce MIA did not induce T,17 cell gen- 
eration in a mouse strain that typically does 
not express T,,17 cells (12). Thus, future 
research should determine whether induc- 
tion of T,,17 cell generation is critical for the 
effects of MIA regardless of genetic back- 
ground, or whether it specifically mediates 
the effects of MIA in mice with T,,17 cell po- 
larization. The latter possibility may be of 
even greater interest, as it is consistent with 
epidemiological studies implicating a fam- 
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intervention. In this regard, 

alternative approaches to 
dampening T,,17 cell differentiation, such 
as treatment with vitamin D and/or retinoic 
acid (a metabolite of vitamin A) (J0) or ma- 
nipulation of intestinal microbiota (//, 15), 
will be exciting avenues of investigation. & 
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RNA 


CRISPR 


goes retro 


RNA contributes directly 

to the immunological 
memory recorded in CRISPR 
sequences 


By Erik J. Sontheimer' and 
Luciano A. Marraffini*® 


enetic invasions threaten nearly all 

cells and genomes. Bacteria and ar- 

chaea “remember” encounters with 

invaders through an adaptive immu- 

nity strategy involving clustered, reg- 

ularly interspaced, short palindromic 
repeats (CRISPRs). These repeats can store 
snippets of an invader’s genome as “spacers” 
(2), which then constitute a heritable mem- 
ory that can instruct an immune response 
against future encounters with foreign DNAs 
carrying those same sequences. The ability to 
form new memories of invasion depends on 
the ability of a CRISPR to incorporate new 
spacers. The mechanistic basis for this acqui- 
sition from DNA is increasingly understood 
(2) and has often been assumed to be the 
sole mode of CRISPR adaptation. On page 
932 of this issue, Silas et al. (3) describe an 
intriguing twist on bacterial adaptive immu- 
nity, identifying a subset of CRISPR systems 
with the remarkable ability to incorporate 
new spacers directly from RNA. 

Destruction of foreign DNA is achieved 
by CRISPR-associated (Cas) proteins (nu- 
cleases) that are guided to their targets by 
spacer-derived transcripts [CRISPR RNAs 
(crRNAs)]. Once crRNAs recognize the for- 
eign DNA by base pairing, the Cas nuclease 
cleaves the target. CRISPR-Cas systems are 
exceptionally diverse (4). Most are classified 
as type I or type III, and both of these types 
depend on multisubunit complexes for target 
recognition and destruction (J, 4). A type III- 
A system was the first to be revealed as a DNA 
interference pathway (5), and DNA targeting 
is now known to be a shared feature of vir- 
tually all CRISPR-Cas systems (7). However, 
type III-B systems have long been known to 
have RNA-targeting capacity (6), and this 
capability was later uncovered in type III-A 
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systems as well (7, 8). A unified model is now 
emerging in which type III systems perform 
cotranscriptional degradation of both DNA 
targets and their RNA transcripts (5-/1). 
Might this unique dual targeting mechanism 
of type III systems be tied to a similar duality 
in spacer acquisition? 

Silas et al. explored this question by not- 
ing predicted reverse transcriptase (RT) en- 
zymes in a subset (~8%) of bacterial type III 
CRISPR-Cas systems, including a type III-B 
system from the MMB-1 strain of the marine 
bacterium Marinomonas mediterranea. RTs 
use RNAs as templates for DNA synthesis 
and drive the reverse flow of genetic infor- 
mation associated with retroviruses and 
retroelements (genetic elements that are 
incorporated into a DNA genome after re- 
verse transcription of RNA molecules) (72). 
Many of the CRISPR-associated RTs (includ- 
ing that from MMB-1) are fused to Casl, a 
nuclease that, along with Cas2, catalyzes the 
integration of new spacers into the bacterial 
CRISPR locus (2, 13). To investigate the func- 
tion of this unusual RT domain in MMB-1 
cells, Silas et al. overexpressed RT-Cas1 and 
Cas2 and detected new CRISPR spacers (in 
this case, derived from sequences appear- 
ing elsewhere in the host genome). The host 
sequences that gave rise to the new spacers 
were biased toward regions that are highly 
transcribed into RNA during the normal 
course of host gene expression. The authors 
showed that this bias depended on the RT 
activity of RT-Casl. Furthermore, experi- 
ments with self-splicing intron-containing 
transgenes indicated that spliced sequences 
could be detected among the new spacers. 
Because splicing can only occur at the RNA 
level, these sequences must have previously 
passed through an RNA phase, suggesting a 
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likely RNA source for spacer acquisition. To 
confirm this possibility, Silas et al. expressed 
MMB-1 RT-Cas1 and Cas2 proteins in Esch- 
erichia coli cells, purified them, and used 
them in combination to catalyze the initial 
steps of spacer integration using defined 
components in vitro, including synthetic 
RNAs or DNAs as spacer precursors (pro- 
tospacers). Strikingly, either RNA or DNA 
could be ligated directly to the CRISPR-like 
substrate (see the figure). Furthermore, the 
ligation of RNA into the CRISPR locus de- 
pended on the RT domain, consistent with 
the results in MMB-1 cells. Most gratifying 
of all, when the reaction was furnished with 
2'-deoxynucleotides, the RT domain cata- 
lyzed DNA synthesis of the new spacer, us- 
ing the inserted RNA as a template and the 
opposite strand of the target CRISPR DNA 
as a primer. The framework established by 
Silas et al. is that DNA spacer acquisition by 
type III systems, although it clearly occurs, 
is not the whole story: The subset of systems 
that includes an RT module can also record 
RNA memories. 

What does this advance mean for our 
broader view of the type III CRISPR path- 
way? RNA acquisition provides a potential 
source of spacers from RNA bacteriophage 
(8), even though no RNA phage-matching 
spacers have yet been documented in any 
natural CRISPR locus. Furthermore, di- 
rect RNA acquisition provides a route for 
CRISPR spacers to be taken selectively 
from transcribed regions of invasive DNA 
genomes. This is important not only for 
the RNA-targeting branch of the pathway 
(6-8, 14) but for type III DNA targeting as 
well, because the latter can only occur with 
DNAs that are undergoing active transcrip- 
tion and with crRNA guides that are anti- 
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sense to both the DNA and its transcripts 
(9-11, 14, 15). With this in mind, however, 
one aspect of this work only deepens the 
mysteries of type III interference: Both in 
vitro and in cells, RNA spacers can insert 
into the CRISPR locus in either orientation, 
leading to little or no antisense bias for the 
resulting crRNAs. 

The lack of apparent directionality to 
RNA spacer acquisition suggests that ~50% 
of all new RNA-derived spacers are useless 
for defense. Could the system really be that 
profligate (perhaps buffered by recombina- 
tional spacer loss in the absence of selective 
pressure for retention), or are there other 
pieces of the type III CRISPR-Cas puzzle that 
we do not yet recognize? Similarly, how do 
the majority of type III systems that lack the 
RT function achieve spacer acquisition di- 
rectionality? Whatever the answers to these 
questions, our understanding of CRISPR 
biology and mechanism is now greatly en- 
riched by the elegant demonstration by Silas 
et al. that some CRISPR spacers are, in es- 
sence, retroelements. 
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CONSERVATION 


Evolution in the Anthropocene 


Taking account of the evolutionary effects of human 
actions is crucial for humans and nonhumans 


By Francois Sarrazin' and Jane Lecomte? 


ost current conservation strate- 

gies focus on the immediate social, 

cultural, and economic values of 

ecological diversity, functions, and 

services (7). For example, the Inter- 

governmental Platform on Biodi- 
versity and Ecosystem Services (2) mostly 
addresses the utilitarian management of 
biodiversity from local to global scales. 
However, besides urgent diagnosis and ac- 
tions (3, 4), processes that occur over evo- 
lutionary time scales are equally important 
for biodiversity conservation. Strategizing 
for conservation of nature at such long time 
scales will help to preserve the function— 
and associated services—of the natural 
world, as well as providing opportunities for 
it to evolve. This approach will foster a long- 
term, sustainable interaction that promotes 
both the persistence of nature and the well- 
being of humans. 

Considering the evolutionary trajectories 
of nonhumans beyond human interest may 
also constitute a major evolutionary transi- 
tion (5). It would be the first case in the his- 
tory of life on Earth where a species cares for 
the evolution of other species beyond its own 
fitness and well-being. 

Most conservation actions aim to protect 
particular populations, species, commu- 
nities, ecosystems, or ecosystem services. 
Although these actions target important cur- 
rent issues, they also affect 
the evolutionary trajectories 
of these systems in various, 
generally unplanned ways. 
For many taxonomic groups, 
such as primates or island 
birds, anthropogenic extinc- 
tions are not phylogeneti- 
cally random (6). Further, 
extinctions and population 
size reductions may greatly 
constrain the evolutionary 
trajectories not only of the 
target species, but also of 
other members of the com- 
munity or ecosystem. Such 
unintended changes occur, 
for example, through extinc- 
tion cascades (6), changes 
in direct and indirect selec- 
tive pressures on genetic 
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and phenotypic diversity, and alteration of 
interaction networks and coevolutionary 
networks. These consequences are rarely 
considered when actions are taken to pre- 
serve or promote specific ecosystem services 
(7). We thus know very little about how our 
current focus on such services will affect 
long-term ecosystem function, composition, 
and stability. 

In agriculture, domestication syndrome 
is a tangible example of how a focus on one 
or a few specific desirable components of a 
species or system can have unexpected evo- 
lutionary consequences. In this syndrome, a 
consistent set of morphological traits (such 
as reduced brain size in animals or non- 
shattering seeds in plants) can emerge as a 
result of selection for a different set of de- 
sired traits. Thus, active selection of specific 
desired traits causes the retention of not 
only those traits, but a suite of other traits 
that are both unintended and currently out- 
side of human control. 

We expect a similar process to occur as we 
begin to enact larger-scale selection on na- 
ture for specific purposes. This is critical for 
the intensive exploitation of biodiversity by 
humans (8). Some nature-based solutions set 
up to mitigate the effects of climate change— 
such as planting forests for carbon storage, 
using biomass to produce green energy, or 
protecting coastal wetlands to adapt to ris- 
ing sea levels—are also likely to change local 
ecological selection regimes, causing shifts in 
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reduce the impact of human visitors on biodiversity in the Plitvice Lakes National Park, Croatia. 
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evolutionary trajectories. Cultural and rec- 
reational services may similarly shape evo- 
lutionary trajectories by defining particular 
strategies of rewilding, restoring, and per- 
haps even resurrecting extinct species (9). 

Finally, advances in synthetic biology and 
genetic engineering are likely to lead to the 
emergence of new types of organisms, in- 
cluding some designed for environmental 
engineering. This particular strategy would 
open up an especially worrying “Pandora’s 
box” of novel genetic and ecological inter- 
actions. Although we can manage the de- 
sirable traits or target functions of species 
and ecosystems, control of the evolutionary 
consequences of such actions is not within 
our power. It is therefore essential to explore 
how nature can be conserved for maximum 
evolutionary freedom. 

All life, both human and nonhuman, is 
a product of evolution. Through evolution- 
ary luck and niche construction, humans 
have reached a point where our quest for 
well-being goes beyond the requirements 
of survival and reproduction (i.e., beyond 
evolutionary fitness). Humans also assign 
intrinsic values to entities that have their 
own ends, and they assign instrumental 
values to entities that are means to achieve 
other ends (10). 

Thinking about both humans and non- 
humans within this kind of evolution- 
ary and ethical framework allows us to 
address basic questions about different 
conservation scenarios (see the figure). 
Should we abandon attempts at biodiver- 
sity conservation? This scenario would 
mean pursuing a human evolutionary tra- 
jectory that ignores nonhumans in a blind 
Anthropocene—a choice sure to have many 
unintended consequences (11). 

Alternatively, do we conserve biodiver- 
sity for the resilience of human generations, 
either for the immediate 
well-being of human indi- 
viduals or for the well-being 
of future generations? In 
these scenarios, we place 
instrumental value only on 
specific, desired traits of na- 
ture—again with unintended 
and unknown consequences. 

Finally, do we conserve 
biodiversity for the well- 
being of future human gen- 
erations as well as nature? 
In ecological systems, the 
well-being of nonhumans is 
mostly driven by their fit- 
ness. Conservation for peo- 
ple and nature (7) must then 
rely not only on intrinsic val- 
ues of human well-being and 
fitness, but also on nonhu- 
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Evolutionary roots, challenges, and consequences of conservation strategies and ethics 
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man fitness. It requires an interspecific form 
of altruism to achieve neutrality on nonhu- 
man evolutionary trajectories, whatever our 
genetic distance toward nonhumans, the ser- 
vices we expect from them, their beauty, or 
our need for nature. Such evolution-focused 
or “evocentric” conservation could be part 
of a deliberate overcoming of the Anthropo- 
cene (see the figure). 

The aim to conserve the evolutionary 
potential of nonhumans has many con- 
sequences. It requires us to define opera- 
tional metrics of evolutionary potential 
that account for phylogenetic diversity and 
evolutionary distinctiveness (6); genetic, 
functional, and cultural diversity within 
populations; and networks of interactions 
within communities and ecosystems. 

To make progress toward these goals, we 
must remember that biodiversity and eco- 
system functioning support evolutionary 
processes, and not the opposite. Further- 
more, it is crucial that we view adaptation 
to global change as a necessary means of en- 
abling the potential evolution of nonhumans 
(and not merely a means of adapting natural 
systems solely to short-term human ends). 
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The deliberate creation and stewardship of 
evolutionary trajectories through synthetic 
biology or genetic engineering should not 
be used to replace native life forms or affect 
their evolution, but only as a very last resort 
to reduce our evolutionary impacts on them. 
To reduce the spatial and temporal extent of 
human directional selective pressures, it is 
also important to maintain and restore wild- 
ness wherever possible, even outside areas of 
pristine wilderness. 

Reducing the increasing rate at which hu- 
man activities perturb nonhuman dynamics 
is a prerequisite to evocentric conservation 
(see the photo). Indeed, generation times 
constrain the speed of adaptive responses of 
most species and populations, particularly 
of long-lived and specialist ones. Conserving 
nonhuman evolutionary potential therefore 
requires a fundamental shift in the burden 
of proof from “why conserve?” to “why de- 
stroy?” biodiversity. 

Many stakeholders and conservationists 
consider conservation for nature itself as 
outdated, utopian, or inefficient. They advo- 
cate a “new conservation” dedicated to peo- 
ple (12). However, at the scale of evolution, 
considering other life forms as resources— 
even in a broad sense—is not innovative. The 
deliberate conservation of the evolutionary 
potential and opportunity of nonhumans be- 
yond the services they provide us with is, by 
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contrast, a real novelty. It forces us to think 
about links between human and nonhuman 
evolutionary trajectories and reduces the fo- 
cus on a trade-off between long-term human 
well-being and wildness (see the figure). 

What we conserve defines what we are or 
pretend to be. We must establish and pro- 
mote comprehensive dialogs among social 
scientists, ecologists, and evolutionary biolo- 
gists to explore the biological and cultural 
roots of our interactions with nonhumans 
and to understand the origins of our iner- 
tia in the face of the urgency of biodiversity 
erosion. Addressing this major challenge for 
humanity may also enhance our ability to re- 
spect each other in our societies. & 


REFERENCES 
1. G.M.Mace, Science 345, 1558 (2014). 
S. Diaz et al., Curr. Opin. Environ. Sustain.14,1(2015). 
A.D. Barnosky et al., Nature 471,51 (2011). 
S.L.Pimm et al., Science 344, 1246752 (2014). 
E. Clarke, J. Biosci. 39,303 (2014). 
S. Veron, T. J. Davies, M.W. Cadotte, P. Clergeau, S. Pavoine, 
Biol. Rev. 10.1111/brv.12228 (2015). 
7. D.P.Faithetal., Curr. Opin. Environ. Sustain. 2,66 (2010). 
8. C.T.Darimont, C.H. Fox, H.M. Bryan, T.E.Reimchen, 
Science 349, 858 (2015). 
9. P.J.Seddon, C.J. Griffiths, P.S. Soorae, D. P. Armstrong, 
Science 345, 406 (2014). 
10. J.A.Vucetich, J.T. Bruskotter, M.P. Nelson, Conserv. Biol. 
29, 321 (2015). 
ll. W. Steffen et al., Science 347, 1259855 (2015). 
12. R.T.Corlett, Trends Ecol. Evol. 30,36 (2015). 


QoakwWP 


10.1126/science.aad6756 


26 FEBRUARY 2016 * VOL 351 ISSUE 6276 923 


INSIGHTS 


BOOKS et al. 


DATA SCIENCE 


The social 
revolution 


A team of researchers sheds 
light on when and how we 
participate in politics online 


By Arnout van de Rijt 


ocial media platforms, e-petitioning 

websites, and activists’ social net- 

works have made it easier than ever 

for dispersed collectives to commu- 

nicate in their fight for a common 

cause. In Political Turbulence, Helen 
Margetts, Peter John, Scott Hale, and Taha 
Yasseri show how our use of these online 
tools leaves behind a treasure trove of digi- 
tal traces that can be fruitfully employed for 
social scientific inquiry. 

Scholars interested in working with these 
new data and techniques will find detailed 
examples and applications explaining how 
the authors obtained their data and how re- 
sults may be replicated. The authors draw 
on a wide range of data sources—including 
laboratory, natural, and field experiments, 
as well as large-scale digital data captured 
from social media platforms—and employ 
both traditional social science methods and 
techniques imported from the computer 
and natural sciences. 

The intellectual focus of the book is the 
social mechanisms through which new me- 
dia allow individuals to be persuaded to join 
a collective effort. The authors present a 
number of empirical results on the suscep- 
tibility of individuals to social influence that 
speak to the disciplines of political science, 
sociology, psychology, economics, network 
science, and complex systems. For example, 
the authors find that the chance that a fund- 
ing goal will be reached roughly doubles 
when everyone can see who has contributed 
in real time. Chances of funding also double 
when individuals can observe how much has 
been raised from how many others. 

The authors further demonstrate how 
the “Big Five” personality traits—openness, 
conscientiousness, extroversion, agreeable- 
ness, and neuroticism—as well as how one 
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We like, share, and sign electronic petitions on social media—but do our online actions translate to real change? 


chooses to allocate resources between one- 
self and another person (known as social 
value orientation), affect both an individu- 
al’s willingness to partake in collective ac- 
tion and his or her susceptibility to social 
pressure. Extroverts in particular are more 
willing than others to be the first to contrib- 
ute money toward a public good, and their 
participation in the early phase of mobiliza- 
tion can make or break a collective effort. 

Consistent with other forms of online 
activity and theories of social contagion, 
the authors find the distributions of Inter- 
net mobilization to be extreme: Millions of 
initiatives typically accumulate just a hand- 
ful of supporters, while just a handful of 
campaigns reach millions. Nearly all clicks, 
signatures, and donations happen in brief 
episodes of hyperactivity, while most of the 
time campaigns lie dormant. 

The question that this book cannot 
answer is whether the social dynamism 
observed in Internet-facilitated communi- 
cation translates into significant political 
action. Have social media simply replaced 
traditional modes of organization, or have 
they empowered collectives with effective 
instruments to achieve policy change? Are 
the commonly heard charges of “slacktiv- 
ism” and “clicktivism’—allegations that 
electronic signatures are just empty ges- 
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tures—unfounded? Although the findings 
presented in the book cannot speak to 
the ultimate impact on policy, the authors 
nonetheless suggest an affirmative answer 
throughout the book. 

This position is advanced most forcefully 
in the final chapter, where the authors de- 
velop the argument that social media and 
modern communication technologies allow 
citizens with various minority beliefs and 
niche interests to effectively impact politics, 
thereby limiting the exercise of power by a 
dominant group or ruling organization. 

This argument, however, would seem 
in tension with the rest of the book. The 
evidence presented in the earlier chap- 
ters supports a model in which people are 
susceptible to the opinions and actions of 
others and participation is triggered by 
the legitimacy of large crowds. Would we 
not expect this susceptibility to favor the 
loudest voices coming from the strongest 
forces—states and organizations funded 
by wealthy donors? If, as has previously 
been found, social media often echo tradi- 
tional media, would they not increase peo- 
ple’s vulnerability to conformity pressure, 
propaganda, and agenda setting? 

Although the evidence presented in the 
book may permit a conclusion opposite to 
the one the authors draw, with social media 
serving as a tool of rather than a weapon 
against vested interests, it nonetheless con- 
tributes an important series of creatively 
and rigorously researched insights into the 
social mechanics of Internet-based collective 
action, handing researchers a new toolbox of 
methods and techniques in the process. 
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Moving forward 


A history of America’s bridges and roadways offers 
lessons for the future of physical infrastructure 


By Lee Vinsel 


n a 2014 opinion column in The New 

York Times, the Nobel Prize-winning 

economist Paul Krugman declared that, 

with the country still in post-2008 eco- 

nomic doldrums, it is “a very good time 

to invest in infrastructure.” Yet, despite 
a number of recent appeals to revive and 
improve the country’s physical support sys- 
tems, there is reluctance among legislators 
and the public to commit the necessary 
funds to do so. It would seem that 
the United States, a nation that is 
otherwise obsessed with techno- 
logical innovation, is not so keen 
on maintaining the technology it 
has already built. 

Henry Petroski examines this 
tension between creation and ne- 
glect in his new book, The Road 
Taken. It joins recent works, like 
Rosabeth Moss Kanter’s Move: 
Putting America’s Infrastructure 
Back in the Lead, in calling for bet- 
ter care of our built environment. 

In earlier books, like To Engineer 
Is Human and To Forgive Design, 
Petroski used his critical acumen 
to show what we can gain from 
failure, even disaster. Acknowledg- 
ing that “infrastructure connotes 
the sum of a society’s physical 
improvements and denotes the 
public works,” like “roads, bridges, 
and water supplies,’ as well as the 
“works of private enterprise,” like 
“fiber-optic, wireless, cellular, and 
other information and communi- 
cation networks,’ Petroski focuses 
more narrowly on roadways and 
other components of ground 
transportation in The Road Taken. 

The book’s title is a reference to 
Robert Frost’s famous 1916 poem 
“The Road Not Taken,” in which the nar- 
rator recalls coming to a fork in the road 
and arbitrarily choosing to take the path 
less traveled. Petroski detects the same 
kind of ambivalence in our attitude toward 
infrastructure. 
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Although Petroski does not use the term, 
The Road Taken is about what economists 
and other social scientists call “path depen- 
dence”: the idea that past decisions limit 
present and future decisions and that chains 
of choices often draw us to particular results. 
In other words, the material world that we 
inherit from our forebears defines both our 
liabilities and our opportunities. 

Several chapters of The Road Taken began 
their lives as columns that Petroski wrote 
for American Scientist, so the book does 


The High Line park in Manhattan was built on an elevated section of a 
disused spur of the New York Central Railroad. 


not develop a central argument but rather 
looks at the situation from several vantage 
points. Petroski begins by providing a his- 
tory of our concern with infrastructural de- 
cline. In 1981, Pat Choate and Susan Walter 
published America in Ruins: The Decaying 
Infrastructure, which documented the pre- 
cipitous drop in infrastructure investment 
that began in the mid-1950s. The book ini- 
tiated a wave of discussion that led to the 
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development of the American Society of 
Civil Engineers’ (ASCE’s) infrastructure 
report cards, which rate federal- and state- 
level infrastructure according to capacity, 
condition, funding, future need, operation 
and maintenance, public safety, resilience, 
and innovation. Since the inception of the 
ASCE report cards, America’s highways, 
bridges, water resources, and waste manage- 
ment facilities have, on the whole, received 
very bad grades indeed. 

Other parts of the book elucidate the 
origins of various components of 
roadway infrastructure, includ- 
ing histories of road construction, 
the American interstate highways, 
and the system of lines, signs, and 
signals. Petroski outlines the of- 
ten quirky visionaries behind the 
things we take for granted, such as 
William Phelps Eno, the eccentric 
obsessive who created the nation’s 
first traffic laws in New York City 
in 1903. But he also does a good 
job describing the role that govern- 
ment agencies played in standard- 
izing our physical environment. 
Many parts of the book are lyrical 
and include Petroski’s personal 
reflections on growing up in New 
York City and driving around many 
parts of the country. 

The book’s biggest problem is 
that it says almost nothing about 
climate change. Petroski may have 
felt that the topic was too far afield. 
Yet, Americans’ heavy car use—and 
the infrastructure built to sup- 
port it—is one of the nation’s larg- 
est sources of greenhouse gases. 
The book’s only concession to this 
problem comes in its 19th chapter, 
which features a delightful medi- 
tation on how we might repur- 
pose bridges and roads as parks 
and public spaces rather than attempting to 
maintain the whole of the infrastructure that 
we have erected to date. 

Despite this omission, Petroski presents 
one of the clearest (and most entertaining) 
cases yet for why we must improve the net- 
work of roads, bridges, and highways we 
take for granted. 
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Trading away ancient 
amber’s secrets 


IN THE SWAMPS of North Myanmar lies 
some of the oldest stone in the world. 
Burmese amber (burmite) is more than 100 
million years old (J, 2). Unlike more recent 
ambers from the Baltic Sea (3), Dominica 
(4), and India (5), burmite formed in the 
early Cretaceous period, when the first 
flowering plants were beginning to grow 
and major tectonic shifts were changing 
the positions of the continents. About 1% 
of burmite holds biological inclusions such 
as insects, plants, and fungi that have been 
sealed in and thus incredibly preserved. 
Burmite inclusions have served as the first 
fossil record of several species (6-8) and 
play an irreplaceable role in our under- 
standing of the early evolution of animals 
and plants. 

Unfortunately, burmite is being mined 
for commercial sale without regard for its 
paleontological significance. Its hardness, 
density, and color make it the most suitable 
amber for sculpture, jewelry manufacture, 
and gem collection, and from 1940 to 1989, 
about 83 tons of it were mined and sold 
(2). The trading boom has led to a surge 
in mining, depleting the store of burmite 
and producing a sale volume of nearly 10 
tons in 2015 alone. Burmite that falls into 
the hands of jewelers and collectors is no 
longer available for study, and thus the 
knowledge it contains is lost. 

In the past 2 years, another kind of 
commercialized amber—Fushun amber 
(50 to 53 million years old), originating 


Biological inclusion sealed in a piece of Burmese amber. 
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from Northern China (9)—was nearly 
mined to depletion. Such blatant con- 
sumption represents a considerable loss 

of human knowledge, yet the mining and 
sale of amber, including burmite, remain 
unregulated. Very little of mined amber is 
available to scientists (only a few private 
organizations, such as the Fushun Institute 
of Amber, work to acquire burmite and 
offer it to scientists). 

We must take steps to protect this 
valuable source of irreplaceable knowl- 
edge before it is too late. In Myanmar, the 
government has little regulatory power 
because most mining districts are privately 
owned. Therefore, it may be more effective 
to intervene in China, where much of the 
amber is sold. 
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Migratory birds need 
coordinated protection 


IN JANUARY, THE Supreme Court of 
Pakistan lifted the hunting ban on 
Houbara bustards (J), a bird categorized by 
the International Union for Conservation 
of Nature (IUCN) as Vulnerable (2). 
Frustrating ecologists and environmental 
groups, the local government argued that 
lifting the ban has economic benefits and 
direct bearing on foreign relations with 
Arab states (1). Every winter, thousands 

of Houbara bustards migrate from central 
Asia to Pakistan, where Arab dignitar- 

ies have been invited to hunt them. By 
crossing international borders, migratory 
species face particular conservation chal- 
lenges, and their conservation is subject 
to the legislation of each country en route. 
Thus, it is important to consider the 
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The Houbara bustard (illustrated here) migrates 
from central Asia to Pakistan. 


implications of each country’s policies on 
migratory birds. 

The IUCN considers hunting (primarily 
falconry) to be the major threat responsible 
for diminishing the Houbara popula- 
tion, which currently numbers between 
50,000 and 100,000 (2). The bird is listed 
on Appendix II of the Convention on the 
Conservation of Migratory Species of Wild 
Animals, to which Pakistan is a party (3). 
Biological conservation should not be 
sacrificed for short-term local political or 
economic benefits. Protecting migratory 
birds requires the cooperation of all coun- 
tries along the species’ migration route. 
These migratory birds should be conserved 
as a single unit, irrespective of jurisdic- 
tional boundaries. Therefore, Pakistan 
should reinstate the hunting ban and take 
effective measures to ensure protection of 
these guests within its borders. In addition, 
networks of critical stopover habitats of 
these species should be conserved in collab- 
oration with other countries. International 
efforts should be coordinated to create 
managed protected sites and breeding 
facilities in selected habitats for migratory 
birds. Finally, governments should priori- 
tize socioeconomic development of the local 
people and enlist their help to effectively 
implement conservation strategies. 

M. Usman’?* and M. Faroogq** 
1Department of Geosciences, Center for Applied 
Geosciences, University of Tiibingen, 72074 
Tubingen, Germany. @Institute of Soil and 
Environmental Sciences, University of Agriculture, 
Faisalabad 38040, Pakistan. *IRSET, University 

of Rennes 1, Rennes Cedex 35043, France. 


4Department of Clinical Sciences, College of 
Veterinary and Animal Sciences, Jhang, Pakistan. 


*Corresponding author. 
E-mail: muhammad.usman@uaf.edu.pk 


REFERENCES 


1. BBC News, “How Pakistan's bustard hunting ban 
was shot down” (2016); www.bbc.com/news/ 
world-asia-35384094. 


sciencemag.org SCIENCE 


PHOTO: LI-ZHI GAO AND SHUO WANG; ILLUSTRATION: HENRIK GRONVOLD/WIKIMEDIA COMMONS 


2. BirdLife International, Chlamydotis macqueenii: 

The IUCN Red List of Threatened Species (2014); 
http://dx.doi.org/10.2305/IUCN.UK.2014-2.RLTS. 
722733562A40859158.en. 

3. R.Vagg, CMS Family Guide: The Encylopaedia of the 
Convention on the Conservation of Migratory Species of 
Wild Animals (UNEP/CMS Secretariat, Bonn, Germany, 
ed. 4, 2015); www.cms.int/en/node/925. 


Walking the open 
science walk 


ON 22 JANUARY, B. Owens reported that 
the Montreal Neurological Institute (MNI) 
is the first scientific institute to practice 
the principles of the “open science” move- 
ment (“Montreal institute going ‘open’ 

to accelerate science,” In Depth, p. 329). 
Owens quotes the director as saying, “It’s 
an experiment; no one has ever done this 
before.” We commend the MNI for walking 


this path, but they are not the first to do so. 


The Allen Institute for Brain Science, a 
private not-for-profit institute, has prac- 
ticed a radical open-access policy since its 
inception in 2003. Although we reserve 
the right to apply for patents, all of our 
data that pass internal quality controls 
are freely and widely available both to the 


general public and to companies several 
years before the associated publications 
come out in the literature. This includes 
mouse, nonhuman primate and human 
brain atlases, microarrays, electrophysi- 
ological data, and associated visualization 
and analysis tools. Our website (www. 
brain-map.org) is the largest such online 
data repository (more than 3 petabytes). 
Likewise, we rapidly make our transgenic 
mouse lines available to the community. 
We are glad to see these principles being 
taken up by our Canadian colleagues. 
Christof Koch 
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Comment on “Abrupt warming events 
drove Late Pleistocene Holarctic 
megafaunal turnover” 

Sune O. Rasmussen and 

Anders M. Svensson 

Cooper et al. (Research Article, 7 August 
2015, p. 602) combined the annual-layer- 
counted Greenland Ice Core Chronology 


2005 with chronological information from 
the Hulu Cave and Cariaco Basin records 
to produce a “revised” time scale. We argue 
that their time scale is incompatible with 
the nature of annual-layer-counted time 
scales and may lead to seriously flawed 
conclusions if used elsewhere at face value. 
Full text at http://dx.doi.org/10.1126/science. 
aad3573 


Response to Comment on “Abrupt 
warming events drove Late Pleistocene 
Holarctic megafaunal turnover” 

Alan Cooper, Chris Turney, 

Konrad Hughen 

Rasmussen and Svensson correctly point 
out that there is currently no satisfactory 
method to fully align the Greenland and 
Cariaco Basin records of climate change. 
However, our approach using interstadial 
onsets as tie-points allows direct com- 
parison between radiocarbon dates and 
Greenland climate records. Crucially, both 
the standard Greenland and the merged 
Greenland-Cariaco time scales show that 
interstadial warming was associated with 
megafaunal genetic transitions. 

Full text at http://dx.doi.org/10.1126/science. 
aad8016 
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Comment on “Abrupt warming events 
drove Late Pleistocene Holarctic 
megafaunal turnover” 


Sune O. Rasmussen* and Anders M. Svensson 


Cooper et al. (Research Article, 7 August 2015, p. 602) combined the annual-layer-counted 
Greenland Ice Core Chronology 2005 with chronological information from the Hulu Cave 
and Cariaco Basin records to produce a “revised” time scale. We argue that their time scale 
is incompatible with the nature of annual-layer-counted time scales and may lead to 
seriously flawed conclusions if used elsewhere at face value. 


ooper et al. investigated the relative timing 
of abrupt climate change and megafaunal 
extinction during the last glacial period (1). 
In the process, they created a time scale, 
denoted GICC05-Cariaco, based on a com- 
bination of data from marine sediments, speleo- 
thems, and ice cores, the latter presented on 
Greenland Ice Core Chronology 2005. Cooper 
et al. are obviously welcome to present data on 
their own time scale, but because they present 
their results as a revision of the GICCO5 time 
scale developed by our group (2-5), we find it 
appropriate to discuss why we think GICC05- 
Cariaco represents a step in the wrong direction 


when it comes to time scale integration. We do 
not contest the megafaunal analysis: Cooper et al. 
state that the conclusions are robust to change of 
chronology. 

When ice cores are dated by annual layer 
counting, the uncertainty accumulates with in- 
creasing age (6). Consequently, the determination 
of absolute ages is accurate for recent periods, 
whereas the accumulated uncertainty becomes 
large (i.e., low accuracy) in the last glacial period, 
compared with uncertainties of other dating 
methods, such as radiometric dating. However, 
even when the absolute accuracy is relatively 
low, layer counting still provides the possibility 


to determine event durations precisely. For ex- 
ample, at the onset of Greenland stadial 6 (GS-6), 
which according to GICC05 occurred 33.31 thou- 
sand years before 1950 C.E. (b1950), the GICC05 ac- 
cumulated maximum counting error is 1191 years. 
In contrast, the outstanding precision allows for 
the determination of the duration of Greenland 
interstadial 6 (GI-6) and the subsequent stadial 
GS-6 to 1240 years, with a maximum counting 
uncertainty of 80 years (4). Thus, the duration 
estimate is an order of magnitude more precise 
than the absolute dating accuracy. 

For radiometrically dated records, the situation 
is generally the opposite: relatively high accuracy 
and low precision. Cooper et al. uses Cariaco- 
derived ages of the GI/GS-6 pair that yield a du- 
ration of 2627 years with a 1 o root mean square 
uncertainty of 271 years—i.e., more than twice 
the precise ice-core-based duration and not com- 
patible with GICCO5 within >3 o. Even though 
the individual ages of the interstadial onsets are 
compatible between the Cariaco and GICC05 
time scales within their respective error margins, 
the associated event durations are not. On this 
background, we argue that the presented set of 
ages from Cariaco cannot meaningfully be com- 
bined with the GICC05 event durations. 

The differences in how the interstadials are 
expressed in the Cariaco and Greenland records 
are illustrated on figure S3 in (J). The large dis- 
crepancy between GICC05 and GICC05-Cariaco 
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Table 1. Data from (1) (first five columns). The GICCO5-Cariaco ages (column 6) are obtained by error-weighted averaging hereof, demonstrating that 
interstadial durations are not needed for the construction of GICCO5-Cariaco as claimed in (1). Column 7 shows the duration of each GI-GS pair in GICCO5- 
Cariaco relative to GICCO5. The column “Termination of interstadial” in table S3 of Cooper et al. is derived by adding estimated interstadial durations from 
(8) to the onset ages—i.e., assuming no stretching of interstadials. However, in the data of Fig. 1 and table S4 of Cooper et al., interstadials as well as stadials 
are stretched by the factor stated in the table. We conclude that the interstadial durations of table S3 in Cooper et al. are incorrect and refer to (9) for precise 


event durations. * within GICCO5 counting uncertainty.; **, not consistent with GICCO5 counting uncertainty. 


Onset GICCO5 Onset Cariaco Error-weighted Hi 
: ; i Stretching factor of 
Event GICCO5 uncertainty Cariaco uncertainty mean Giacdiollesine Ge 
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Fig. 1. Buizert et. al (7) (black and blue) and Cooper et al. (1) (red) age differences. (See the text for 


more details.) 


suggests that uncertainties in the event identifi- 
cation and alignment and in the Hulu-Cariaco 
time scale transfer (not included by Cooper et al.) 
dominate over the analytical dating uncertainties. 

If radiometric dates and annual-layer-counting 
results are to be meaningfully combined, we argue 
that the methodology must respect that radio- 
metric dates are mutually independent with small 
uncertainties, whereas annual-layer-counted chro- 
nologies have large but highly correlated uncer- 
tainties. Furthermore, we argue that a combination 
of the two must take into account the uncertain- 
ties in aligning the records. 

Cooper et al. claims that the interstadial du- 
rations from GICC05 have been maintained for 
the revised GICC05-Cariaco time scale. We see 
this as a step toward acknowledging that annual- 
layer-counted interstadial durations are indeed 
precisely determined, but it is unclear why Cooper 
et al. do not treat stadial durations in the same 
way. Furthermore, it turns out that the GICCO5 
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interstadial durations do not actually enter the 
time-scale merging calculations: As demonstrated 
in Table 1, the ages of interstadial onsets in the 
GICC05-Cariaco time scale can be obtained by 
error-weighted averaging of the interstadial 
onsets in GICC05 and Cariaco. The approach as- 
sumes independent uncertainties for both records 
and disregards uncertainty of the alignment of 
events between records. 

Table 1 also shows the stretching factor of each 
GI/GS pair in GICC05-Cariaco compared with 
GICCO5. The maximum counting error estimates 
of GICC05 are below 5% at all depths, correspond- 
ing to stretching factors between 0.95 and 1.05. 
Back to GI/GS-3, the stretching factors are within 
those limits, but for older sections, interstadial- 
stadial durations are stretched or compressed 
more than what is consistent with the annual layer 
counting results. The extremes are GI/GS-6, whose 
duration is more than doubled, and GI/GS-7, which 
is compressed to 69% of its GICCO5 duration. 


As an example of how annual-layer-counted 
chronologies can be meaningfully combined with 
radiometric dates, Buizert et al. (7) combined 
GICC05 and Hulu ages in the construction of the 
West Antarctic Ice Sheet Divide time scale. Their 
age differences between aligned events are shown 
in Fig. 1 (black symbols with estimated matching 
uncertainties), together with the GICC05-Cariaco 
age differences from Cooper et al. (red symbols). 
Based on a linear fit, GICCO5 was stretched by a 
factor of 1.0063 to, on average, align Hulu and 
Greenland ages (blue dashed curve in Fig. 1) (7). 
All event durations are thus increased by 0.63%, 
suggesting a small bias in the layer counting dur- 
ing the construction of GICCO5. A similar analysis 
using data from Cooper et al., which are less pre- 
cise due to the matching via Cariaco, leads to a bias 
estimate of 0.96% (Fig. 1, red dashed line), well 
within the maximum counting error of GICCO05. 

We conclude that the GICC05-Cariaco time scale 
cannot be seen as a revision of GICC05 because it 
is not consistent with the constraints given by 
the annual layer counting on which GICCO05 is 
based. We thus recommend that the GICC05- 
Cariaco time scale not be used for palaeoclimatic 
reconstructions and, in particular, not for pre- 
sentation of ice-core data. 
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Response to Comment on “Abrupt 
warming events drove Late 
Pleistocene Holarctic 

megafaunal turnover” 


Alan Cooper,’* Chris Turney,” Konrad Hughen* 


Rasmussen and Svensson correctly point out that there is currently no satisfactory 
method to fully align the Greenland and Cariaco Basin records of climate change. However, 
our approach using interstadial onsets as tie-points allows direct comparison between 
radiocarbon dates and Greenland climate records. Crucially, both the standard Greenland 
and the merged Greenland-Cariaco time scales show that interstadial warming was 
associated with megafaunal genetic transitions. 


major challenge for testing hypotheses of 

synchronous climate and environmental 

change is high-precision alignment of geo- 

chronological frameworks. Nowhere is this 

more problematic than in comparison of 
the radiocarbon (“*C) time scale with the Green- 
land ice core records of abrupt and extreme cli- 
mate change during the Late Pleistocene. We 
thank Rasmussen and Svennson for their Com- 
ment (7) on our paper (2). It was not our inten- 
tion to provide a replacement chronology for the 
excellent Greenland Ice Core Chronology 2005 
(GICCO5) time scale generated by these authors. 
Instead, we wished to test our observation that 
there was indeed a relationship between mega- 
faunal extinctions and abrupt and extreme cli- 
mate warming events, as preserved in Greenland 
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on the GICCO5 time scale [table 1 in (2)]. As a 
result, we developed a methodology that allows 
direct comparison between radiocarbon ages and 
Greenland climate. By combining the tropical 
Cariaco Basin (Hulu Cave) radiocarbon record of 
shifts in the Intertropical Convergence Zone with 
Greenland temperature, we were able to exploit 
the positive attributes of these independent re- 
cords and thereby bring abrupt interstadial tran- 
sitions and high-resolution radiocarbon into the 
same calendar time scale. This provided an alter- 
native chronology that would allow us to test the 
conclusions reached by using GICC05 on its own, 
given the known accuracy problems of this record 
at greater annual ice layer counts. However, we 
do not advocate the use of the revised GICC05- 
Cariaco chronology as a replacement alternate 
age model for the complete GICCO05 record. 

As Rasmussen and Svennson remark, a full 
merging of chronologies has to take into account 
the different nature of annual-layer-counted and 
radiometric chronologies and their associated 
and very different uncertainties (i.e., independent 
versus dependent errors), something that is at 
present difficult to do in a robust, objective statis- 
tical model. Such a substantial exercise was be- 


yond the scope of this paper, and we focused on 
the timing of abrupt interstadial transitions only, 
given our initial conclusions derived using just 
GICCO5. We took a conservative approach by 
combining the strengths of GICC05 and Cariaco- 
Hulu to derive an alternative replicated frame- 
work for the timing of the onset of abrupt and 
extreme warming during Dansgaard-Oeschger 
events (within the uncertainties of both sequences). 
By taking advantage of the counting precision 
on the Greenland interstadial durations (3) (as 
stated explicitly in our supplementary materials), 
we could directly compare the calibrated mega- 
faunal data set to climate. Given the magnitude 
of the uncertainties in calibrating radiocarbon 
ages across the full time scale, we considered the 
use of centennial-length durations appropriate; 
furthermore, as reported by Wolff et al. (3), the 
onset of some interstadials is difficult to precisely 
identify due to the complex structure of events; 
hence, Greenland interstadials 13 to 15 were not 
used in our calculations. We are sympathetic to 
the use of the duration of Greenland stadials and 
interstadials as a test of different age models, but 
as Rasmussen and Svensson and colleagues have 
previously reported, “alternative but reasonable 
sets of criteria could have been developed that 
would have given a different count and a differ- 
ent uncertainty” (3). Furthermore, it is clear that 
major challenges remain in capturing all missing 
Greenland layers, as evidenced by recent work 
questioning even the relatively recent Late Glacial 
and Holocene part of the record (4, 5). Developing 
more precise and accurate geochronological frame- 
works in the future will require new approaches 
to alignment, incorporating all sources of error. 
The key point remains that regardless of the 
chronology used, we reach the same conclusion: 
Interstadial warming events are strongly associ- 
ated with the regional replacement or extinction 
of major genetic clades or species of megafauna. 
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AAAS President seeks 
increasing support for 
curiosity-driven research 


Studies of plant evolution can yield 
practical benefits, says Barbara Schaal 


By Earl Lane 


From a childhood fascination with cactus plants, to fieldwork in 
Brazil tracing the wild progenitor of the cassava plant, to learn- 
ing the subtleties of rice cultivation from an expert farmer in the 
highlands of Thailand, evolutionary biologist Barbara Schaal has 
found science to be “just so much fun.” 

She brings that enthusiasm 
to her new role as president of 
AAAS, where she will argue for 
the value of curiosity-driven 
science pursued without regard 
for immediate application. At 
the same time, she has spent 
much of her career studying the 
practical benefits that can flow 
from a better understanding of 
the vast genetic diversity of the 
natural world. 

Schaal, dean of the faculty of 
arts and sciences at Washington 
University in St. Louis, called 
for more effective communica- 
tion and public engagement by 
scientists in explaining their 
work, both to policy-makers and 
to the general public, across a range of topics—climate change, 
evolution, stem cells, and use of genetically modified organisms 
(GMOs) in agriculture. 

“Agriculture has tremendous challenges that it is going to face,” 
Schaal said. “We want to feed a growing population. We want to 
feed them better, with more nutritious food.” The global popula- 
tion is projected to reach 9 billion by 2050. Of particular impor- 
tance, Schaal said, is finding ways to lessen the environmental 
footprint of agriculture, which currently accounts for about 70% 
of U.S. water consumption. Such challenges, she said, must be ad- 
dressed using the entire toolbox of methods, including genomics, 
cellular and molecular biology, traditional plant breeding, and ge- 
netic modification. Taken together, such tools are giving scientists 
a better understanding of how plants respond to drought, high 
temperatures, pests, and disease. 

Messages by scientists about the environmental impact of agro- 
chemicals, GMOs, and other topics often “are not well received,” 
Schaal acknowledged. Researchers must understand the cultural 
context as well as the underlying science in communicating about 
their work. When scientists have difficulty trying to explain their 
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Barbara Schaal visits a rice-growing cooperative aimed at developing 
local conservation practices in Gongliao District, Taiwan. 


research to a lay audience, she said, the tendency too often has 
been to just “give them more detail and say it louder.” 

Schaal’s own pursuit of science blossomed from her childhood 
interest in plants. She majored in biology as an undergraduate at 
the University of Illinois, Chicago, where she studied with Donald 
A. Levin, a specialist on the origin, expansion, and demise of plant 
species. When Levin moved to Yale University, Schaal followed. 
She was accepted as a doctoral student there and began a re- 
search career in which she was among the first plant scientists to 
use molecular biology-based approaches to understand evolution- 
ary processes in plants. 

Schaal’s interest in agricultural species was spurred when Rob 
Bertram, a staff member at the U.S. Agency for International De- 
velopment, asked if her research on plant DNA sequences could 
help trace the origin of cassava, a starchy root crop that is a large 
source of food carbohydrates in the tropics. “I didn’t know what 
cassava was,” Schaal admitted, but she figured the question was 
pretty straightforward. It took a decade of work before Schaal and 
Kenneth M. Olsen, then a graduate student, reported finding the 
wild progenitor of the cassava plant in a region along the south- 
ern border of the Amazon basin. 

Their exercise in phylogeography, interesting on its own merits, 
also identified a source of genetic diversity that could be tapped 
to help improve the modern cassava plant. And it showed that the 
domestication of cassava occurred in a place where humans have 
had their longest association with the wild ancestor of the plant. 
Such associations began when 
“some smart men and women 
10,000 years ago began to 
cultivate” various plants, 

Schaal said. 

That human selection of 
favorable traits continues, 
both through traditional crop 
breeding and through the more 
targeted use of genetic engi- 
neering. In Thailand, where 
Schaal studied the adaptability 
of ancestral varieties of rice to 
pests and climate change, she 
was impressed by the ongoing 
search for favorable traits by 
expert farmers who pay close 
attention to mutations in their 
crops. “Clearly, what is going on 
in these villages is artificial selection,’ Schaal said, “and they are 
modifying their crops in the same way as their ancestors did over 
many centuries.” 

In recent years, Schaal’s focus has shifted from fieldwork 
(though she continues to follow the far-flung research projects of 
her students) to national and international policy issues involving 
science. In 2005, she was the first woman elected to the vice presi- 
dency of the National Academy of Sciences. She was elected to a 
second 4-year term in 2009, the same year she was appointed by 
President Obama to the President’s Council of Advisors on Science 
and Technology (PCAST). She serves as chair of the Division on 
Earth and Life Studies at the National Research Council and also 
was a science envoy for the U.S. Department of State. 

Schaal is eager in her new role with AAAS to become even more 
involved with science policy, particularly to make clear the value 
of basic research. She cited “the incredible advances in medicine” 
that have come from basic studies funded by the National Insti- 
tutes of Health. She worries that budget stringencies could close 
“the pipeline for new discoveries” fostered by NIH, the National 
Science Foundation, and other science-related agencies. & 
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Direct CRISPR spacer acquisition 
from RNA by a natural reverse 
transcriptase-Cas] fusion protein 


Sukrit Silas,* Georg Mohr,* David J. Sidote, Laura M. Markham, 
Antonio Sanchez-Amat, Devaki Bhaya, Alan M. Lambowitz,} Andrew Z. Firet 


INTRODUCTION: Cells use a variety of mech- 
anisms to prevent the propagation of para- 
sitic information. A family of adaptive immune 
systems associated with CRISPRs in prokar- 
yotes has been shown to protect cell popula- 
tions from “selfish” DNA, including viruses 
and plasmids. CRISPR-mediated immunity 
begins with an “adaptation” phase, involving 
the heritable acquisition of short sequence seg- 
ments (spacers) from the genome of the infec- 
tious agent by the host. This information is 
stored within CRISPR arrays in the host ge- 
nome and is used by CRISPR-associated (Cas) 
nucleases in the subsequent “interference” 
phase to identify and disrupt infections by the 
same invader. CRISPR-Cas systems include 
those capable of interfering with DNA and 
RNA targets. In several characterized systems, 
adaptation involves acquisition from DNA tem- 
plates through the action of a subset of the Cas 
proteins. One of these proteins (Cas1) plays a 
catalytic role in spacer acquisition from DNA 
in all systems analyzed so far. 


RATIONALE: We sought to determine wheth- 
er some CRISPR-Cas systems build CRISPR 


DNA spacer integration by Cas1/Cas2 
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arrays through the acquisition of spacer se- 
quences from RNA. CRISPR systems are phy- 
logenetically grouped into five types (types I 
to V); in some type III CRISPR systems, Cas] is 
naturally fused to a reverse transcriptase (RT). 
This suggests the possibility of a concerted 
spacer integration mechanism involving Cas1 
integrase activity and the reverse transcription 
of RNA to DNA. This would enable the acqui- 
sition of new spacers from RNA, potentially 
generating adaptive immunity against RNA- 
based invaders. To test this hypothesis, we 
characterized the spacer acquisition machin- 
ery of the RT-Casi-containing type III-B CRISPR 
system in the bacterium Marinomonas medi- 
terranea (MMB-1), by means of in vivo assays 
and in vitro reconstitution. 


RESULTS: To examine the acquisition capabi- 
lities of the MMB-1 type III-B system, we over- 
expressed RT-Cas1 and associated adaptation 
genes from MMB-1 in the native host. The re- 
sulting strains acquired a variety of new 
spacer elements in their type III-B CRISPR 
arrays. These sequences matched segments 
from the MMB-1 genome and our expression 
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Spacer acquisition from RNA. (Left) Small segments of invasive DNA are assimilated into 
CRISPR arrays by Casl and Cas2 in a canonical spacer acquisition process that allows adaptive 
immunity in a wide variety of bacteria and archaea. (Right) In some type III CRISPR systems, a RT 
fused to Casl enables the acquisition of spacer sequences directly from RNA. This process might 
mediate adaptive immunity against RNA-based parasites. 
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plasmids, with substantially more acquisitions 
deriving from highly transcribed genes. The 
transcription-associated acquisition of spacers 
was dependent on functional Cas1 and RT do- 
mains of the RT-Cas1 protein, supporting the 
idea of an RNA capture mechanism that com- 
bines Cas] integrase activity with reverse tran- 
scription of cellular RNA. While Cas1 catalytic 
mutations abolished spacer acquisition, dele- 
tion or mutational inactivation of the RT 
domain yielded a system capable of integra- 

tion with no transcrip- 
tional bias, revealing an 
Read the full article alternative Cas1 activity 
at http://dx.doi. on DNA substrates. To 
org/10.1126/ test whether the MMB- 
science.aad4234 1 system can acquire se- 
Pee ene ns or quences fron RNA, we 
engineered a self-splicing intron into plasmid 
copies of two MMB-1 genes that were well 
sampled by RT-Casl1, simultaneously intro- 
ducing mutations flanking the splice sites to 
yield a novel exon-junction sequence that was 
present as RNA but not DNA. Newly acquired 
spacers containing the exon-junction sequences 
confirmed that RT-Cas1 can acquire spacers 
from RNA. To investigate the relationship be- 
tween the integrase and RT activities of RT- 
Casl, we studied the acquisition machinery 
in vitro. RT-Cas1 and the associated Cas2 pro- 
tein promote the precise integration of single- 
stranded RNA, single-stranded DNA, and 
double-stranded DNA oligonucleotides di- 
rectly into a linear CRISPR DNA substrate, indi- 
cating that RT-Cas1 acquires spacers directly 
from RNA. The in vitro studies are consist- 
ent with a mechanism in which the Cas1- 
fused RT domain then reverse-transcribes 
the integrated RNA, converting it to a cDNA 
sequence between CRISPR repeats. The con- 
certed integrase-RT mechanism suggested 
by the in vitro studies has similarities to the 
genomic integration mechanism used by the 
bacterial retrotransposons known as mobile 
group II introns, which encode a related RT. 


CONCLUSION: We showed that a natural RT- 
Cas1 fusion protein in a type III CRISPR sys- 
tem can enable the acquisition of new spacers 
directly from RNA. With other type III CRISPR 
systems known to target RNA for degradation, 
RT-associated CRISPR-Cas systems would ef- 
fectively generate adaptive immunity against 
RNA parasites. RNA spacer acquisition could 
also contribute to immune responses against 
highly transcribed regions of DNA-based in- 
vaders through targeted interference at both 
the DNA and RNA levels. m 
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transcriptase-Cas]l fusion protein 
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CRISPR systems mediate adaptive immunity in diverse prokaryotes. CRISPR-associated 
Cas1 and Cas2 proteins have been shown to enable adaptation to new threats in type | and II 
CRISPR systems by the acquisition of short segments of DNA (spacers) from invasive 
elements. In several type Ill CRISPR systems, Cas1 is naturally fused to a reverse transcriptase 
(RT). In the marine bacterium Marinomonas mediterranea (MMB-1), we showed that a RT-Cas1 
fusion protein enables the acquisition of RNA spacers in vivo in a RT-dependent manner. 

In vitro, the MMB-1 RT-Cas1 and Cas2 proteins catalyze the ligation of RNA segments into the 
CRISPR array, which is followed by reverse transcription. These observations outline a 
host-mediated mechanism for reverse information flow from RNA to DNA. 


NA-guided host defense mechanisms as- 
sociated with CRISPR arrays exist in most 
bacteria and archaea (J, 2). Their target 
specificity derives from a series of spacers— 
many of which are identical to DNA se- 
quences from phage, transposon, and plasmid 
mobilomes—interspersed within CRISPR arrays 
(3-5). Transcripts from these CRISPR arrays are 
processed into short structured RNAs, which form 
a complex with CRISPR-associated (Cas) endonu- 
cleases and target invasive nucleic acids, thereby 
conferring immunity (6, 7). CRISPR-Cas systems 
have been phylogenetically grouped into five types 
(8, 9). Homologs of the casi and cas2 genes are 
conserved across diverse CRISPR types (9, 10), with 
direct evidence for a role in the physical integra- 
tion of new spacers from invasive DNA into CRISPR. 
arrays in a few type I and II systems (J/-J4). Spacer 
acquisition allows the host to adapt to new threats. 
The ability of type III systems to target RNA in 
addition to DNA (15-21) raises the possibility of 
natural spacer acquisition from RNA species. Di- 
rect acquisition of RNA spacers would add to the 
handful of known mechanisms for the reverse 
flow of genetic information from RNA into DNA 
genomes (22-27). 
Examination of bacterial genomes has revealed 
a class of CRISPR-associated coding regions in 


Department of Pathology, Stanford University, Stanford, CA 
94305, USA. “Department of Chemical and Systems Biology, 
Stanford University, Stanford, CA 94305, USA. “Institute for 
Cellular and Molecular Biology, Department of Molecular 
Biosciences, University of Texas—Austin, Austin, TX 78712, USA. 
Department of Genetics and Microbiology, Universidad de 
Murcia, Murcia 30100, Spain. “Department of Plant Biology, 
Carnegie Institution for Science, Stanford, CA 94305, USA. 
*These authors contributed equally to this work. {Corresponding 
author. E-mail: lambowitz@austin.utexas.edu (A.M.L.); afire@ 
stanford.edu (A.Z.F.) 


SCIENCE sciencemag.org 


which casi is fused to a putative reverse tran- 
scriptase (RT) (10, 28-30). These RT-Cas1 fusions 
raise the possibility of a concerted mechanism of 
spacer acquisition involving reverse transcription 
of RNA to DNA, a potentially host-beneficial mech- 
anism for RNA-to-DNA information flow. 


Common features of RT-Cas1 fusions 


To examine the phylogenetic distribution of fused 
RT-Casl-encoding genes, we used the National 
Center for Biotechnology Information (NCBI) Con- 
served Domain Architecture Retrieval Tool (CDART) 
to retrieve protein records containing both a Cas1 
domain (Pfam domain PF01867) and a RT domain 
of any origin (PF00078). Of 93 RT-Cas1-bearing 
species, all were from bacteria and none were from 
archaea. RT-Cas1 fusions were most prevalent 
among cyanobacteria, with 21% of casi-bearing 
cyanobacteria carrying such fusions (Fig. 1, A and 
B). RT-Cas1 fusions with sufficient flanking se- 
quence for type classification were exclusively 
associated with type III CRISPR systems (table 
$1); conversely, ~8% of bacterial type III CRISPR 
systems carried RT-Cas1 fusions. 

The Cas1-fused RT domains were most closely 
related to RTs encoded by mobile genetic ele- 
ments (retrotransposons) known as mobile group 
II introns (29, 30). We identified two related 
structural families of RT-Cas1 proteins. The more 
abundant family carries a canonical N-terminal 
RT domain with a conserved RT-O motif charac- 
teristic of group II intron and non-long terminal 
repeat (non-LTR) retrotransposon RTs (31, 32). 
The other lacks the RT-0 motif, starting instead 
with an additional N-terminal domain con- 
taining a putative Cas6-like RNA recognition 
motif of the RAMP [repeat-associated mysterious 
protein (J0)] superfamily. Alignments of the ret- 
rovirus HIV-1 RT and a group II intron RT 
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[Thermosynechococcus elongatus Tel4c RT (33)] 
with representatives of the two RT-Cas1 fusion fami- 
lies (from Arthrospira platensis and Marinomonas 
mediterranea) revealed that both Casl-fused RTs 
contain the seven conserved sequence motifs char- 
acteristic of the finger and palm regions of retro- 
viral RTs. Each also shares the RT-2a motif, which is 
conserved in group II intron RTs and related pro- 
teins but not present in retroviral RTs, such as the 
HIV-1 RT (37, 32). The thumb/X domain, which 
is found in retroviral and group IJ intron RTs just 
downstream of the RT domain, appears to be 
missing in the Casl-associated RTs (Fig. 1C). 

The structural subcategories, limited phyloge- 
netic distribution, and exclusive association with 
a subset of CRISPR types are consistent with a 
small number of common origins of RT-Cas1 
fusions (10, 29). 


Spacer acquisition by the 
M. mediterranea type III-B machinery in 
an E. coli host 


To test whether RT-Cas1 proteins could facilitate 
the acquisition of new spacers, and to determine 
whether such spacers might be acquired from 
RNA, we chose the type III-B CRISPR locus in 
M. mediterranea (MMB-1) (34), because this is 
an easily cultured, nonpathogenic member of the 
well-studied y-proteobacterium class that con- 
tains a RT-Casl-encoding gene. 

We first assessed spacer acquisition after 
transplantation of the locus into the canonical 
y-proteobacterium experimental model, Esch- 
erichia coli. We constructed expression vectors 
carrying the type III-B operon of MMB-1 in two 
configurations, either as a single cassette consist- 
ing of the CRISPRO3 array (35), the genes encoding 
RT-Cas1 and Cas2, and an adjacent gene (encod- 
ing Marme_0670) with limited homology to the 
NERD (nuclease-related domain) family (36), or 
together with a second cassette additionally en- 
coding the remaining CRISPR-associated factors, 
Cmrl to Cmr6 and Marme_0671 (Fig. 2, A and B). 
The acquisition of new spacers into CRISPRO3 
was evident from polymerase chain reaction (PCR) 
amplification of the region between the leader 
sequence and the first native spacer, followed by 
high-throughput sequencing. We identified newly 
acquired spacers in transformants expressing ei- 
ther the full complement of Cas genes, or the 
subset containing only the potential “adaptation” 
genes (encoding RT-Cas1, Cas2, and Marme_0670). 
Bona fide spacer acquisition is evidenced by the 
precise junctions between the inserted spacer 
DNA and CRISPR repeats (fig. SLA) and by the 
diversity of acquired spacers (fig. S1, B and D). 

Specificity was further tested by evaluating the 
requirements for RT-Cas1 and Cas2 in spacer ac- 
quisition. We constructed two point mutations, 
E870A and E7904, in the putative Cas] active site of 
MMB-1 RT-CasI, based on a three-dimensional ho- 
mology model computed using the A7chaeoglo- 
bus fulgidus Cas1 crystal structure (37). Each point 
mutation abolished spacer acquisition, as did a 60- 
amino acid C-terminal deletion in Cas2 (Fig. 2C). 

The majority (~85%) of newly acquired spacers 
mapped to the E£. coli genome, with the rest being 
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Fig. 1. Phylogenetic distribution and domain structure of RT-Cas1 fusion 
proteins. (A) Taxonomic summary of unique RT-Cas]1 protein records obtained 
from the NCBI CDART engine (current as of May 2015). Shown are numbers of 


Cas6 YADD 


homology 


Cas1 protein records and bacterial species with (left) a fused RT domain, 


(center) RT and an additional N-terminal extension containing a Cas6-like 
motif, and (right) Casl with no additional annotated domain. Only phyla con- 
taining RT-Cas1 fusions are listed. (B) 16S rRNA-based tree showing major 
bacterial phyla, with phyla that contain RT-Casl1 in red [adapted from (48)]. 
(C) Schematic showing the domain organization of HIV RT (UniProtKB/Swiss- 
Prot PO3366), a group II intron RT (Tel4c from T. elongatus BP-1; GenPept 
WP_011056164), A. platensis RT-Cas1 (WP_006620498), M. mediterranea RT-Cas1 


derived from plasmid DNA (fig. SID). Over 70% of 
the spacers were 34 to 36 base pairs (bp) in length 
(Fig. 2D). Consistent with observations of inter- 
ference mechanisms in other type III CRISPR 
systems (7), we found no evidence for a conserved 
protospacer-adjacent motif (PAM) or other se- 
quence signature associated with protospacer 
choice (Fig. 2E). We observed no bias for the sense 
strand among spacers acquired from annotated 
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E. coli genes (fig. S2A) and no enrichment of 
spacers derived from highly transcribed genes 
(Fig. 2F). Spacer acquisition was unhindered when 
the RT domain of RT-Cas1 was mutated or deleted 
(Fig. 2C), consistent with a DNA-based mech- 
anism operating under these conditions. Dele- 
tion of the entire 290-amino acid conserved 
region of the RT domain resulted in a ~20-fold 
increase in spacer acquisition frequency (38), 
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(WP_013659858), and E. coli Casl (NP_417235). Conserved RT motifs as 
defined in (49) are labeled 1 to 7. Motifs O and 2a are conserved in mobile group 
ll intron and non-LTR-retrotransposon RTs (32). The YXDD sequence found in 
motif 5 contains two aspartic acid residues at the RT active site. Three a-helices 
found in the thumb/X domain of HIV and group II intron RTs are indicated. 
Numbers below the bars indicate amino acid positions. D, DNA binding domain; 
En, endonuclease domain. 


with no apparent differences in the character- 
istics of the pool of acquired spacers (Fig. 2, C to F, 
and figs. S2A and S3A). 


Transcription-associated spacer 
acquisition in MMB-1 is RT-dependent 


Our inability to detect RNA spacer acquisition in 
the ectopic E. coli assay could reflect the absence 
of required factors or conditions that are present in 
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Fig. 2. Spacer acquisition in E. coli by ectopic expression of MMB-1 type III-B CRISPR compo- 


nents. (A) The MMB-1 type III-B CRISPR operon con 


sists of an 8-spacer CRISPR array (CRISPRO3), 


followed by a canonical six-gene cassette putatively encoding the type III-B Cmr effector complex, two 
genes of unknown function (Marme_0671 and Marme_0670), the genes encoding RT-Cas1 and Cas2, 
and lastly a larger 58-spacer CRISPR array (CRISPRO2). The locus is flanked by two ~200-bp direct repeats (green arrows). The black arrows indicate 
promoters. (B) Arrangement of MMB-1 type III-B CRISPR components under inducible promoters (Para, Pirc, aNd Piac) on PBAD vectors for ectopic expression in 
E. coli. (©) Spacer detection frequency after overnight induction of E. coli carrying pBAD expression vectors with arabinose and IPTG. Wild-type RT-Casl, RT 
active site mutant (YAAA), and Cas1 domain mutants E790A and E870A were tested with or without the P),--driven gene cassette encoding the Cmr effector 
complex. Cas2 A32—92 and RT domain A299-588 mutants (shown in the two rightmost columns) were tested without the Cmr cassette. Range bars indicate 
values for two biological replicates (n.d., not determined). (D) Histogram showing normalized counts of E. coli genomic protospacers from the wild-type RT- 
Casl and RTAspacer acquisition experiments, distributed by mappable length. Pooled data from several experiments are presented. (E) Nucleotide probabilities at 
each position along the wild-type RT-Casl—acquired protospacers in (D), including 15 bp of flanking sequence on each side. Because of varying protospacer 
lengths, two panels are shown with the spacer 5’ and 3’ ends anchored at positions 15 and 35, respectively. (F) Cumulative normalized distribution of spacers in (D) 
among E. coli protein-coding open reading frames (ORFs) sorted by expression level [normalized RNAseq read counts from (47); FPKM, fragments per kilobase 
per million reads], with the most highly expressed genes listed first. Included are 2470 wild-type RT-Casl— and 5569 RTA-acquired spacers mapping to E. coli 
genes. Dashed black lines show the range of values from a Monte Carlo simulation with random assortment (no transcription-related bias). 


the native host, MMB-1. To assay spacer acquisition 
in MMB-1, we overexpressed RT-Cas1 and Cas2 
along with Marme_0670 from a broad-host- 
range plasmid (pKT230), using the 100-bp se- 
quence upstream of the MMB-1 16S ribosomal 
RNA (rRNA) gene as a promoter (Fig. 3A). We 
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recovered newly acquired spacers from the ge- 
nomic copy of the CRISPRO3 array and found 
that the vast majority (~95%) mapped to the 
MMB-1 genome, with an expected proportion 
mapping to the expression vector (figs. $1, C and 
D, and S4). Although the endogenous type III-B 
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Decreasing expression level 
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CRISPR operon was still present in these strains, 
we found that plasmid-driven overexpression of 
adaptation genes was critical for detectable ac- 
quisition of new spacers: Parallel analysis of trans- 
conjugants in which plasmid-driven RT-Cas1 had 
the mutation E870A or E790A at the putative 


aad4234-3 


RESEARCH | RESEARCH ARTICLE 


A Overexpression constructs for MMB-1 Type III-B 
CRISPR adaptation genes 


CRISPRO3 
Leader 


RT-Cas1 Cas2 


0670 ~ 
“DE-»)2 


RT-Cas1 “adaptation” genes 


B New spacer detection frequency 
x 10°6 
120 ~ 


100 ~ 


io) 
fo} 
L 


sequencing read 
b an 
oO oO 
1 1 


Spacers detected per 


genome 
20 4 
ie} 
Cc Protospacer length distribution Wild-type  RT-Cas1 RT-Cas1 RT-Cas1 = RT-Cas1 Empty 
RT-Cas1 RTmut (YAAA) E870A E790A RTA vector 
. = Wild Type D Protospacer sequence composition 
ae rtA ‘ 
‘30 “TAA TALITTT CAAT at base AA AAAAGA GATTTTAAAATAAGTC ATA A 
po Ae AIA a] Hep eeeeny Lan eke anata 
ae B 00 parece scecencrens SLEEC TCCCCECEREGEGCEGSAGGEGCEE ESE 
. - 1 AAA sequences a at oe 35 
oa a GAATTTTAATTAACTATTATAAAAAAAAAATAATT TAA 
Bet sort UC nt aac Tat yyzanesu et aa 
ee oo SESECCECCCCE eget Gch cok Ler oc 6d baer ease ses 


Protospacer length (bp) 


E Protospacer association with transcription level 
dp 


0.87 


0.67 


0.47 


=== Wild-type Spacers 
=—= RTA Spacers 
- - -Monte Carlo Bounds 


0.27 


Cumulative normalized spacer count 


1 , . 4203 genes 
Decreasing expression level = 


MMB-1 Genes sorted by RNAseq FPKM 


Fig. 3. RT-Casl—mediated spacer acquisition in MMB-1. (A) Arrangement of 
genes encoding Marme_0670, RT-Cas1, and Cas2 on pKT230 broad-host-range 
vectors under the control of the putative 16S rRNA promoter (Pigs; 100-bp se- 
quence upstream of the MMB-1 16S rRNA gene) for overexpression in MMB-1. 
New spacers were amplified from the genomic CRISPRO3 array. (B) Spacer 
detection frequency after overnight growth of MMB-1 transconjugants carrying 
pKT230 overexpression vectors. Two clones each from two independent conjuga- 
tions carrying either wild-type RT-Casl, Casl domain mutants E790A or E870A, 
RT domain A299-588 mutants, or an empty pKT230 vector were tested. Range 
bars depict spacer acquisition frequencies for two transconjugants. (C) Histo- 
gram showing normalized counts of MMB-1 genomic protospacers from the wild- 
type RT-Casl and RTA spacer acquisition experiments, distributed by mappable 
length. Pooled data from several experiments are presented. (D) Nucleotide 
probabilities at each position along the wild-type RT-Casl—acquired protospacers 
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expressed genes listed first. Included are 455 wild-type RT-Casl- and 341 RTA- 
acquired spacers mapping to MMB-1 genes. Guides are drawn along the x axis at 


top-10% and top-50% genes by expression level. Monte Carlo bounds were calculated as in Fig. 2F. rRNA genes have been excluded from this analysis 


because spacers were rarely acquired from rRNA. 


Cas] active site, or of transconjugants carrying 
an empty vector, failed to identify any new 
spacers (Fig. 3B). As in E. coli, most (>'75%) of the 
new protospacers were 34: to 36 bp in length (Fig. 
3C), and we did not observe a PAM-like sequence 
at either the 5’ or 3’ ends of the acquired spacers 
(Fig. 3D). 

In contrast to the E. coli data set, the genomic 
regions most frequently sampled by the RT-Cas1 
spacer acquisition machinery in MMB-1 appeared 
to be genes that are typically highly expressed in 
bacteria. We further investigated this association 
between expression and spacer capture by obtain- 
ing RNA sequencing (RNAseq) expression profiles 
of two independent MMB-1 transconjugants car- 
rying the RT-Cas1 expression vector. The 10% most 
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highly expressed genes accounted for over 50% of 
newly acquired spacers, with the top 50% of ex- 
pressed genes accounting for 90% of newly ac- 
quired spacers (Fig. 3E). Next, we tested whether 
this transcriptional association was dependent on 
the RT domain of RT-Cas1. Deletion of the con- 
served RT domain of RT-Cas1 abolished the pre- 
ference for highly transcribed genes (Fig. 3E and 
fig. S5), while maintaining a comparable length 
and sequence distribution for the acquired spac- 
er repertoire (Fig. 3, B and C, and figs. S2B, S3B, 
and S4). Together, these data demonstrate a RT- 
dependent bias toward the acquisition of spacers 
from highly transcribed regions. 

Spacers acquired from transcribed regions could 
conceivably be integrated into the CRISPR array in 
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either a negative or a positive orientation. Among 
spacers that mapped to MMB-1 transcripts, we 
observed at most a limited preference for the sense 
strand (fig. S2, B and C). The lack of a strong bias 
implies a degree of directional flexibility in the 
integration mechanism, potentially yielding a sys- 
tem in which only a fraction of spacers is able to 
protect against a single-stranded DNA or RNA 


target. 


RT-Casl—mediated spacer acquisition 
from RNA 


The observed association between the gene ex- 
pression level and the frequency of spacer acqui- 
sition in MMB-1, combined with the requirement 
of the RT domain for this association, is consistent 
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with an acquisition process involving reverse tran- 
scription of an RNA molecule. Nonetheless, an 
alternative hypothesis is that acquisition of DNA 
spacers could result from increased accessibility 
of DNA in regions of high transcriptional activity. 

The acquisition of DNA spacer sequences from 
an RNA molecule can be tested by placing a func- 
tional intron into a transcript, which is spliced to 
yield a ligated-exon junction sequence that is then 
captured as DNA (25). To test whether the RT- 
Cas1 complex could acquire spacers directly from 
RNA, we used the self-splicing td group I intron, 
a ribozyme that catalyzes its own excision from its 
parent transcript, leaving behind a splice junction 
that was not present as a DNA sequence (39). 
We produced intron-interrupted versions of two 
MMB-1 genes—the ss7-A gene, encoding a small 
noncoding RNA [transfer-messengerRNA (tmRNA) 
(40)] and Marme_0982, encoding ribosomal pro- 
tein $15—in both cases inserting the intron at sites 
that were well sampled in our spacer libraries. 
Each construct was designed with four or five 
mutations to optimize the flanking exon sequen- 
ces for td intron splicing. These mutations allow 
us to unambiguously distinguish between spliced 
(plasmid-expressed) and native (genomic) ssrA 
and ribosomal protein S15 transcripts (Fig. 4A). 
After confirming self-splicing in vitro (fig. S6A), 
we placed the td intron-containing genes on our 
RT-Cas1 overexpression plasmids and expressed 
them in MMB-1 from their native promoters. To 
assess the transcription level of the engineered 
coding regions relative to their endogenous coun- 
terparts in vivo, we performed high-throughput 
sequencing of RT-PCR amplicons spanning the 
splice junctions. We found that ~30% of all ribo- 
somal protein S15 transcripts and ~16% of all 
ssrA tmRNA transcripts were produced by splicing 
in the respective transconjugants (fig. S6B). 

We assayed for newly integrated spacers in 
plasmid copies of CRISPRO3, recovering 80,136 
new spacers that map to the MMB-1 genome. The 
protospacer length, sequence composition, and 
bias for highly expressed genes remained consist- 
ent with our previous results in MMB-1 (fig. S7). 
We found two spacers spanning the splice junc- 
tion of ribosomal protein S15 and six spacers span- 
ning the splice junction of tmRNA from two 
independent cultures of two independent trans- 
conjugants, thereby confirming that the RT-Cas1 
spacer acquisition machinery is capable of acquir- 
ing spacers from RNA molecules (Fig. 4, B and C). 
We observed both sense and antisense spacers 
spanning the synthetic splice junctions from both 
the ssrA and ribosomal protein S15 constructs 
(Fig. 4B), further indicating flexibility in the ori- 
entation of spacer acquisition relative to the leader. 
We considered the possibility that these spacers 
might have been acquired from an extended cDNA 
copy of the spliced transcripts that was generated 
through indiscriminate RT activity. Such cDNA 
sequences would have been detectable by highly 
sensitive targeted sequencing assays and were not 
observed (fig. S6C). 

Whereas these experiments demonstrate the 
ability of this system to acquire spacers from RNA, 
the RT-domain deletion experiments in which 
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spacer acquisition was not biased toward tran- 
scribed regions (Fig. 3E) indicate that the system 
can also acquire spacers from DNA. Nonetheless, 
the strong transcriptional bias observed with wild- 
type RT-Cas1 in MMB-1 indicates that most spacer 
acquisitions driven by the intact RT-Cas1 fusion 
protein under our conditions are from RNA. 


Ligation of RNA and DNA 
oligonucleotides directly into CRISPR 
repeats by a RT-Cas1—Cas2 complex 


The E. coli Cas1-Cas2 complex has been shown to 
ligate double-stranded DNA (dsDNA) directly into 
a supercoiled plasmid containing a CRISPR array 
by means of a concerted cleavage-ligation (trans- 
esterification) mechanism, analogous to that of 
retroviral integrases (41). To investigate how 
MMB-1 RT-Cas1 functions in spacer acquisition, 
we reconstituted this activity in vitro using puri- 
fied RT-Cas1 and Cas2 proteins. We confirmed 
that wild-type RT-Cas1 protein has RT activity 
that is abolished by the deletion of the RT domain 
(RTA) or mutations at the RT active site YADD to 
YAAA at amino acid positions 530 to 533) (fig. S8). 
To assay spacer acquisition, the purified RT-Cas1 
and Cas2 proteins were incubated with (i) puta- 
tive spacer precursors (protospacers) correspond- 
ing to DNA or RNA oligonucleotides of different 
lengths and (ii) a linear 268-bp internally labeled 
CRISPR DNA substrate containing the leader, the 
first two repeats, and interspersed spacer sequen- 
ces from the MMB-1 CRISPRO3 array (Fig. 5A). 
The reactions also included deoxynucleotide tri- 
phosphates (dNTPs) to enable reverse transcrip- 
tion of a ligated RNA oligonucleotide. 

In initial assays using a dsDNA oligonucleotide, 
products derived from cleavage of the CRISPR 
substrate were readily detected in the presence 
of RT-Cas1 and Cas2 together but not in the pres- 
ence of either protein alone (Fig. 5B). The sizes 
of these products were consistent with cleavage 
at the junctions between the leader and first re- 
peat on the top strand and between the first re- 
peat and spacer on the bottom strand, as expected 
for staggered cuts that are known to occur in type 
I CRISPR systems (72). Structural features at the 
leader-repeat boundary might dictate cleavage at 
these sites (47). Bands of the sizes expected for free 
3' fragments [148 and 155 nucleotides (nt)] were 
much weaker than those for the corresponding 5’ 
fragments (120 and 113 nt), reflecting their re- 
placement with prominent bands of the sizes 
expected for ligation of the oligonucleotide to 
their 5’ ends (148 and 155 nt plus oligonucelotide). 
Similar products were also detected using single- 
stranded DNA (ssDNA) and RNA oligonucleo- 
tides of various sizes (ssDNA, 19 to 59 nt; RNA, 
21 to 50 nt) (Fig. 5, B and C, and figs. S9 and S10), 
presumably reflecting that the more uniform spac- 
er size of 34 to 36 bp in vivo is due to processing 
of the spacers prior to their integration into the 
CRISPR array. Additionally, a 3'-phosphate mod- 
ification of the ssDNA oligonucleotide almost 
completely abolished the cleavage-ligation reac- 
tion, suggesting a crucial role of the 3'OH of the 
donor oligonucleotide in the integration reaction 
(Fig. 5D). The ligation of both DNA and RNA oli- 
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gonucleotides into the CRISPR DNA was con- 
firmed by their expected ribonuclease (RNase) 
and/or deoxyribonuclease (DNase) sensitivity in 
reactions with 5'-end-labeled oligonucleotides 
and unlabeled CRISPR DNA (Fig. 5E). The ligated 
RNA oligonucleotide was sensitive to RNase H, 
indicating its presence in an RNA-DNA hybrid, as 
would be expected if it was used as a template for 
cDNA synthesis by RT-Cas1 (Fig. 5E). 

Although the MMB-1 RT-Cas1-Cas2 complex 
functions similarly to the E. coli Cas1-Cas2 com- 
plex to site-specifically integrate putative spacer 
precursors into CRISPR arrays, it differs in being 
able to use a linear CRISPR DNA substrate and to 
insert not only dsDNA but also ssDNA and RNA 
oligonucleotides. The ligation of RNA and DNA 
oligonucleotides into the CRISPR DNA substrate 
differs in two respects. First, whereas the E870A 
mutation at the Cas] active site abolishes ligation 
of both RNA and DNA oligonucleotides, deletion 
of the RT domain (RTA) abolishes ligation of RNA 
but not DNA oligonucleotides (Fig. 5F). These 
findings mirror in vivo results showing that the 
E870 mutation abolishes the acquisition of both 
RNA and DNA spacers, whereas the RTA muta- 
tion abolishes the acquisition of RNA but not DNA 
spacers (Fig. 3, B and E). Second, dNTPs are re- 
quired for ligation of RNA but not DNA oligo- 
nucleotides, with deoxyguanosine triphosphate 
(dGTP) or deoxyadenosine triphosphate (dATP) 
alone sufficient to support RNA ligation (Fig. 5G). 
Together, these findings suggest that the RT-Cas1 
protein is modular, with the Cas1 domain cata- 
lyzing ligation of both RNA and DNA spacers into 
CRISPR repeats, but with ligation of RNA spacers 
requiring binding by the N-terminal and/or RT 
domains, possibly coupled to RT domain core 
closure and/or the initiation of reverse transcrip- 
tion on addition of dNTPs. 


Integrated RNA oligonucleotides are 
reverse-transcribed by the 
RT-Casl1—Cas2 complex 


We tested whether the RT-Cas1-Cas2 complex 
could reverse-transcribe an integrated RNA oligo- 
nucleotide in vitro to generate the cDNA precursor 
of a fully integrated RNA spacer. The cleavage- 
ligation reactions on either side of repeat R1 
generate products with 5’ overhangs that could 
potentially be substrates for target DNA-primed 
reverse transcription (TPRT) reactions, in which 
the 3’ end of the opposite strand is extended to 
yield a DNA copy of the repeat plus the ligated 
RNA oligonucleotide (Fig. 6A). To detect the syn- 
thesis of such cDNAs, we incubated the CRISPR 
DNA with RT-Cas1-Cas2 in the presence of a 21-nt 
RNA oligonucleotide and supplied radioactive 
deoxycytidine triphosphate (dCTP) and other un- 
labeled dNTPs during the incubation (Fig. 6A). 
cDNA synthesis during the reactions was evident 
by the labeled products being of the same size as 
the two ligation products, as expected for a TPRT 
reaction extending through the R1 repeat and 
ligated RNA. The synthesis of these cDNAs de- 
pends on the presence of the RNA oligonucleotide, 
the CRISPR DNA, and RT-Cas1-Cas2 (Fig. 6B). 
The RTA mutant abolishes cDNA synthesis, 
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Fig. 4. Spacer acquisition from RNA in the MMB-1 type III-B system. 
(A) Spacers acquired from a host genome could conceivably originate from 
either RNA or DNA. To test for an RNA origin, we used an engineered self- 
splicing transcript, which produces an RNA sequence junction that is not en- 
coded by DNA. Bases that were mutated to provide flanking exon sequences 
favorable for td intron splicing were separated by the 393-bp intron in the DNA 
template. After transcription and splicing, the two exons were brought together 
to form a novel junction containing the identifying mutations. Newly acquired 
spacers that contain this exon-junction indicate spacer acquisition from an 
RNA target. (B) Alignments of some of the genome-contiguous spacers (gray) 
and several newly acquired exon-junction—spanning spacers (red) to the ge- 
nomic and split-gene sequences, respectively. Bases mutated to facilitate td 
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intron splicing are underlined in the genomic sequences. Identifying mutations 
are depicted as colored bases, and the splice sites are indicated by green 
triangles. The highlighted ssrA exon-junction—spanning spacer (bottom) is 
antisense to the spliced tmRNA and differs from a putative DNA template by 
the five expected mutations. (C) All unique spacers spanning the td intron 
splice site that did not carry the engineered mutations. The maximum number 
of mismatches (MM) when these spacers were mapped to the wild-type 
genomic locus is indicated. None of the identifying mutations were observed 
among these sporadic mismatches. The spacers in (B) were in addition to four 
spacers (one for the S15 and three for the ssrA construct) that align to the 
unspliced exon-intron junction and could have been derived from either DNA or 
(nascent) RNA. 
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Fig. 5. Site-specific CRISPR 
DNA cleavage-ligation by 
the RT-Cas1—Cas2 complex. 
(A) Schematic of CRISPR DNA 
substrates and products of 
cleavage-ligation reactions. The 
substrate was a 268-bp DNA 
containing the leader (gray), the 
first two repeats (R1 and R2, 


orange) and spacers (S1 and 268 nt 
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(E) Nuclease digestion of 
5’-end-labeled RNA and DNA 
oligonucleotides ligated to 
CRISPR DNA. Ligation reac- 
tions were performed as in (C). 
After extraction with phenol- 
CIA and ethanol precipitation, 
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lanes 2 and 4). In the gel on the right, internally labeled CRISPR DNA was incubated 
with WT RT-Casl plus Cas2 in the presence of a 35-nt ssRNA oligonucleotide in the 
absence (lane 10) or presence of different NTPs (1 mM) as indicated (lanes 5 to 9). 
Red and black dots indicate products resulting from cleavage and ligation of 
oligonucleotides at the junction of the leader and repeat 1 on the top strand and 
the junction of repeat 1 and spacer 1 on the bottom strand, respectively; cyan and 
purple dots indicate products of the size expected for cleavage and ligation of the 
oligonucleotide at the junctions of the second CRISPR repeat (see fig. S10). 
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A Schematic of cDNA synthesis 
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Fig. 6. cDNA synthesis using RNA ligated to CRISPR DNA. (A) Schematic showing the 
CRISPR DNA substrate and the expected products of cleavage and ligation (top), followed by 


TPRT of the ligated RNA oligonucleotide (blue). cDNAs are shown as black dashes, with 
arrowheads indicating the direction of cDNA synthesis. (B) WT or mutant RT-Cas1 plus Cas2 


proteins were incubated with 268-bp CRISPR DNA in the presence of 21-nt RNA oligonucleotide, 


labeled dCTP, and unlabeled dATP, dGTP, and dTTP. The WT RT-Casl—Cas2 complex yields 
labeled bands of the sizes expected (148 and 155 nt plus oligonucleotide) for TPRT of the RNA 
oligonucleotide that is ligated site-specifically at opposite boundaries of the first CRISPR DNA 
repeat (R1, lane 8). The labeled products were not detected with the RT domain (RTA, lane 9) or 
Cas] active site (E870A, lane 10) mutants, but a background of labeled products is apparent in 
the E870A lane, due to the RT activity of the protein in the absence of cleavage and ligation (see 
fig. S8). Labeled products were not detected in the absence of the RNA oligonucleotide (lanes 3 
to 6) or CRISPR DNA (lanes 11 and 12). Separate lanes from the same gel (lanes 1 and 2) show 
the positions of cleavage-ligation products for RT-Casl plus Cas2 with an internally labeled 
CRISPR DNA substrate. “None” indicates no protein added. 


whereas the E870A mutant, which retains RT 
activity (fig. S8) but cannot integrate the RNA 
oligonucleotide or create the 3'OH required for 
priming cDNA synthesis (Fig. 5F), produces only 
a heterogeneous background of labeled products 
(Fig. 6B). The TPRT products detected in our 
assays may represent an intermediate in spacer 
acquisition, with additional steps potentially 
including digestion of the ligated RNA spacer 
strand by a host RNase H, synthesis of a full 
dsDNA containing the spacer sequence by RT- 
Cas1 or a host DNA polymerase, and ligation of 
the unattached ends of the dsDNA into the 
CRISPR array. Our in vivo and in vitro data 
suggest that this can occur in either orientation 
and may involve host enzymes that are present 
in MMB-1 but not in E. coli. 


Conclusion 


We showed that the MMB1 RT-Cas1 fusion pro- 
tein can mediate the direct acquisition of spacers 
from donor RNA, using the Cas1 integrase activ- 
ity to directly ligate an RNA protospacer into 
CRISPR DNA repeats. The 3’ end generated by 
cleavage of the opposite DNA strand is then poised 
for use as a primer for TPRT (26). This mechanism 
shares features with group II intron retrohoming, 
in which the intron RNA uses its ribozyme activity 
to insert itself directly into the host genome and is 
then converted to an intron cDNA by using the 3’ 
end generated by cleavage of the opposite DNA 


aad4234-8 


strand for TPRT (42). Because type III CRISPR 
systems are known to target RNA for degradation, 
and RT-Cas1-encoding genes are exclusively asso- 
ciated with such systems, RNA spacer acquisition 
makes these CRISPRs distinctively capable of gen- 
erating immunity against parasitic RNA sequen- 
ces, potentially including RNA phages and/or 
other “selfish” RNAs that maintain themselves 
through the action of host machinery (43-46). 
The acquisition of RNA spacers might also con- 
tribute to immune responses to highly tran- 
scribed regions of DNA phages and plasmids, 
by coupling spacers from such regions to an 
interference system that targets DNA, RNA, or 
both (15-21). 

It is possible that fusion between the RT and 
Cas1 domains may not be necessary to facilitate 
uptake of RNA spacers; there are several examples 
of CRISPR loci in which genes encoding similar 
group II intron-like RTs are adjacent but not fused 
to casI (29). Thus, the mechanisms described 
herein could potentially extend to species with 
separately encoded RT and Cas1 components. In 
addition, RNA spacer acquisition could be involved 
in gene regulation, providing a straightforward 
means for bacteria to down-regulate a set of target 
loci in response to activation of the CRISPR locus. 

To fully assess the prevalence and importance 
of CRISPR adaptation to RNA, a greater under- 
standing of the impact of invasive RNAs in bac- 
teria is necessary. However, our knowledge of the 


26 FEBRUARY 2016 + VOL 351 ISSUE 6276 


2 , 


B cDNA synthesis using cleaved 
CRISPR DNA ligated to 21-nt ssRNA 


No 
CRISPR 
ssRNA 
DNA 
WT + Cas2] None | 21-nt |WT+Cas2 
N N x 
<x un n 
Zz YAS) gAs z 
o C5+! 85+ re 
G lovtsoles ® 
= V4 tSlu4ets ve 
| oS ANS an £ 
Oo— JSOEFBISEERS ot 
20 |Izseulz2eeu ZN 


155 + oligo| 

148 + oligo] —® 
f 

120, = 

113 fae 


JT 
E 
12 345678910 1112 


abundance and distribution of RNA phages and 
other RNA parasites is limited, with the vast ma- 
jority restricted to the Escherichia and Pseudomonas 
genera. Future research on the distribution of spac- 
ers in RT-associated CRISPR loci among natural 
populations of bacteria and their environments 
might help shed light on this topic. 


Materials and methods 
RT-Cas1 genomic neighborhood analysis 


The genomic neighborhoods (up to 20 kb) of RT- 
Casl-encoding genes were retrieved from 50 bac- 
terial strains with a custom BioPython script that 
uses the NCBI tblastn software. The HMMER 3.0 
algorithm was then used to identify whether the 
RT-Casl-encoding genes were associated with 
type I, II, or III CRISPR systems, using Cas3 (TIGR 
01587, 01596, 02562, 02621, and 03158), Cas9 
(TIGR 01865 and 3031), and Cas10 (TIGR 02577 
and 02578) hidden Markov models as “signature” 
genes for each type, respectively (8). Each result 
was assessed manually by iterative runs of BLAST 
(Basic Local Alignment Search Tool, NCBI and the 
CRISPRfinder online suite. 


Monte Carlo simulation of 

expected spacer acquisition 
characteristics for random sampling 
of all genes 


We used a Monte Carlo simulation to evaluate a 
null hypothesis based on random assortment of 
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spacer acquisitions from genomic DNA, with no 
dependence on gene expression level. For each 
system, a series of samples of 500 spacers each 
were randomly chosen in silico from a list of all 
genes, based on the sizes of the individual genes 
using the stochastic universal sampling algorithm. 
Sets of 1000 such trials were used to generate a 
range of null relationships between gene expres- 
sion and spacer acquisition. The Monte Carlo 
bounds (black dotted lines in Figs. 2 and 3 and 
figs. S2, S5, and S7) depict the envelope of such 
simulated random assortments. Traces above 
this envelope indicate preferential spacer acqui- 
sition from highly expressed genes; traces below 
the envelope indicate spacer acquisition from 
poorly expressed genes more often than expected 
by random chance. RNAseq data from E. coli K12 
were obtained from (47) (data set without com- 
putational background subtraction). MMB-1 ex- 
pression data were generated by RNAseq analysis 
of the transconjugants used in this study (Fig. 3). 


Construction of expression vectors 


Plasmids for inducible overexpression of the MMB- 
1 type III-B CRISPR operon in E£. coli were built 
on the pBAD/Myc-His B backbone (Life Tech- 
nologies). RT-Casl-associated genes [Marme_0670, 
Marme_0669 (RT-Cas1), and Marme_0668 (Cas2)] 
and green fluorescent protein (GFP) were driven 
by Para, and the CRISPRO3 array was driven by 
Pirc: The other seven genes [Marme_0677 to __0672 
(Cmr1 to Cmr6) and Marme_0671] and lacZo 
were driven by Pjac. GFP and lacZo, ORFs enabled 
verification of expression of the transcripts con- 
taining RT-Casl-associated adaptation genes and 
Cmr effector genes, respectively. Point mutants 
of the Cas1 (E790A or E870A) and RT domains 
(YADD to YAAA at amino acid positions 530 to 
533) of RT-Cas1 were tested with overexpression 
of the RT-Casl-associated subset, with and with- 
out the remaining seven genes. Deletion mutants 
of the RT domain of RT-Casl (A299-588), and 
Cas2 [A32-92] were tested with overexpression 
of the RT-Cas1-associated subset only. 

Plasmids for the overexpression of the RT- 
Casl-associated genes in MMB-1 cells were built 
on the pKT230 backbone (a gift from L. Banta, 
Williams College). The genes were driven by the 
100-bp promoter-containing sequence (posi- 
tions 306,879 to 306,978) upstream of a MMB- 
1 16S rRNA gene. Casl point mutants (E790A or 
E870A) and the RTA mutant were also tested. 
For experiments with td intron-containing con- 
structs, a copy of the CRISPRO3 array with its 
leader sequence was also placed on the pKT230 
vector to increase the concentration of CRISPR 
arrays per unit input DNA in the PCR ampli- 
fication step, and thus increase the efficiency of 
our spacer detection assay. 

Plasmids for protein expression and purifica- 
tion were built on the pMal-c2X backbone [New 
England Biolabs (NEB)] for RT-Cas1 (wild type and 
mutants) and on the pET14b backbone (Novagene) 
for Cas2. Variants of RT-Cas1 were expressed with 
an N-terminal maltose-binding protein tag at- 
tached via a noncleavable rigid linker (50). Cas2 
was expressed with an N-terminal 6xHis tag. 
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All plasmids were verified by sequencing. Plas- 
mid structures are available upon request. 


Strains and culture conditions 


All bacterial strains used in this study were stored 
in 20% glycerol at -80°C. Two clones from each 
conjugation were maintained for each plasmid 
(referred to as independent transconjugants). 
pBAD plasmids (Amp®) encoding MMB-1 type 
III-B operon components were transformed into 
chemically competent TOPI10F' cells (Life Tech- 
nologies). TOP10F'-derived strains were grown 
at 37°C on Luria-Bertani (LB) agar plates (10 g/1 
tryptone, 5 g/l] yeast extract, 10 g/l NaCl, 15 g/l 
agar) with 100 ug/ml of ampicillin, 0.1% w/v 
arabinose, and 0.1 mM IPTG (isopropyl-B-D- 
thiogalactopyranoside) overnight. 

pKT230 plasmids (Kan®) encoding MMB-1 type 
III-B operon components were mobilized into a 
spontaneous rifampicin-resistant mutant of MMB- 
1 (strain ATCC 700492) from a donor F. coli strain 
carrying the pRL443 conjugal plasmid (a gift from 
M. Davison, Carnegie Institution), as described in 
(51). All transformed MMB-1 strains were grown 
on 2216 marine agar (Difco) with 50 ug/ml of 
kanamycin for 16 hours at 25°C. 

For experiments with MMB-1 transconjugants 
carrying td intron constructs, 150-ml cultures were 
subsequently prepared in 2216 broth (Difco) with 
50 ug/ml of kanamycin and shaken at 26° to 27°C 
in 1-liter flasks for 20 hours before midiprep. 

E. coli strain DH5o. (Life Technologies) was 
used for cloning, and Rosetta2 and Rosetta2(DE3) 
(Novagen) were used for protein expression. Bac- 
teria were grown in LB medium with shaking at 
200 rpm. Antibiotics were added when needed 
(ampicillin, 100 mg/1; chloramphenicol, 25 mg/1). 


Nucleic acid extraction 


Plasmid DNA from E. coli strains was extracted 
using the QIAprep Spin Miniprep Kit (QIAGEN). 
Genomic DNA from MMB-1 strains was extracted 
using a modified SDS-proteinase K method: 
Briefly, cells were scraped from plates and re- 
suspended in 1 ml of lysis buffer (10 mM tris, 
10 mM EDTA, 400 ug/ml proteinase K, 0.5% SDS) 
and incubated at 55°C for 1 hour. Batches of the 
digest (50 to 100 ul) were subsequently purified 
using the Genomic DNA Clean & Concentrator Kit 
(Zymo Research). 

Total RNA was extracted from MMB-1 strains 
using a combined trizol-RNeasy method: Briefly, 
cells were scraped from plates and homogenized 
directly in 1 ml of trizol (Life Technologies) by 
vortexing, and total RNA was extracted with 200 ul 
of chloroform. Ethanol (500 ul) was added to an 
equal volume of the aqueous phase containing 
RNA, and the mixture was purified using the 
RNeasy Kit (QIAGEN) with on-column DNase di- 
gestion according to the manufacturer’s instruc- 
tions. This protocol selects RNA >200 nt and thus 
depletes transfer RNAs. 

Plasmid DNA was purified from large MMB- 
1cultures using a custom midiprep method. Cells 
were harvested from 150- to 200-ml confluent cul- 
tures (3000g, 30 min, 4°C) and homogenized in 
12 ml of alkaline lysis buffer (40 mM glucose, 
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10 mM tris, 4 mM EDTA, 0.1 N NaOH, 0.5% SDS) 
at 37°C by pipetting until clear (10 to 15 min). 
Chilled neutralization buffer (8 ml) was added 
(3 M CH3COOK, 2 M CH;COOH), and lysates 
were immediately transferred to ice to prevent 
digestion of genomic DNA. Samples were mixed 
by inverting, and the genomic DNA-containing 
precipitate was removed by centrifugation (20,000g, 
20 min, 4°C). Clarified lysates were extracted twice 
with a 1:1 mixture of tris-saturated phenol (Life 
Technologies) and CHCl, (Fisher Scientific) and 
once with CHCl, in heavy phase lock gel tubes 
(5 Prime). Ethanol (50 ml) was added and DNA 
was pelleted by centrifugation (16,000g, 20 min, 
4°C), washed twice in 80% ethanol, and resus- 
pended in 500 ul of elution buffer (10 mM tris, 
pH 8.5). Samples were treated with 20 ug/ml 
RNase A (Life Technologies) at 37°C for 30 min, 
further digested with 150 ug/ml of protease K in 
0.5% SDS at 50°C for 30 min, and purified by 
organic extraction. Plasmid DNA was resuspended 
in 0.5 ml of elution buffer, desalted with Illustra 
NAP-5 G-25 Sephadex columns (GE Healthcare), 
and eluted with 1 ml of water. Batches of 100 ul 
were linearized with PvulI-HF (NEB) to aid dena- 
turation during PCR. Last, each digest was puri- 
fied using a Genomic DNA Clean & Concentrator 
column (Zymo Research). 

DNA and RNA preparations were quantified 
using a fluorometer (Qubit 2.0, Life Technologies). 


Spacer sequencing 


Leader proximal spacers were amplified by PCR 
from 3 to 4ng of genomic DNA per ul of PCR mix 
using forward primer AF-SS-119 (CGACGCTCT- 
TCCGATCTNNNNNCTGAAATGATTGGAAAAA- 
ATAAGG) anchored in the leader sequence and 
reverse primer AF-SS-121 (ACTGACGCTAGTGC- 
ATCACGTGGCGGAGATCTTTAA) in the first na- 
tive spacer. For each sample, 96 10-1 reactions 
were pooled. Sequencing adaptors were then at- 
tached in a second round of PCR with 0.5 ul of 
the previous reaction as a template in a 50-ul 
reaction, using AF-SS-44:55 (CAAGCAGAAGAC- 
GGCATACGAGAT NNNNNNNN GTGACTGGAG- 
TICAGACGTGTGCTCTTCCGATCACTGACGCTA- 
GTGCATCA) and AF-KLA-67:74 (AATGATACG- 
GCGACCACCGAGATCTACAC NNNNNNNN ACA- 
CTCTTTCCCTACACGACGCTCTTCCGATCT), 
where the (N)g barcodes correspond to reverse- 
complemented TruSeq HT indexes D701 to D712 
and D501 to D508, respectively (lumina). Tem- 
plate matching regions in primers are underlined. 
Phusion High-Fidelity PCR Master Mix with HF 
Buffer (Fisher Scientific) was used for all reactions. 
Cycling conditions for round 1 were as follows: 
one cycle at 98°C for 1 min; two cycles at 98°C for 
10 s, 50°C for 20 s, and 72°C for 30 s; 24 cycles at 
98°C for 15 s, 65°C for 15 s; and 72°C for 30 s; and 
one cycle at 72°C for 9 min. Conditions for round 
2 were one cycle at 98°C for 1 min; two cycles at 
98°C for 10 s, 54°C for 20 s, and 72°C for 30 s; five 
cycles at 98°C for 15 s, 70°C for 15 s, and 72°C for 
30 s; and one cycle at 72°C for 9 min. The domi- 
nant amplicons containing the first native spacer 
from unmodified CRISPR templates after rounds 
land 2 were 123 bp and 241 bp, respectively. We 
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prepared sequencing libraries by blind excision 
of gel slices at 300 to 320 bp (70 bp above the 
241-bp band, consistent with the expected size of 
an amplicon from an expanded CRISPR array) af- 
ter agarose electrophoresis (3%, 4.2 V/cm, 2 hours) 
of the round 2 amplicons. 

When amplifying spacers from plasmids, 1 ng 
of DNA was used per microliter of PCR mix, 
synthesis time was shortened to 15 s, and 20 and 
nine cycles were used in rounds 1 and 2 instead 
of 24 and five, respectively. Additionally, round 
l1amplicons were purified by blind excision of gel 
slices at 180 to 200 nt after denaturing PAGE 
(polyacrylamide gel electrophoresis) [pre-run TBE- 
Urea 10% gels (Novex), 180 V, 80 min in XCell 
SureLock Mini-Cells (Life Technologies)], and 
agarose gel-purified libraries were further PAGE- 
purified by blind excision of gel slices at 300 to 
320 nt (pre-run TBE-Urea 6% gels, 180 V, 90 min 
as above). In this way, spacer detection efficiency 
was increased ~100-fold. Libraries were quanti- 
fied by Qubit and sequenced with MiSeq v3 kits 
(lumina) (150 cycles, read 1; 8 cycles, index 1; and 
8 cycles, index 2). 

Spacers were trimmed from reads using a cus- 
tom Python script and considered identical if 
they differed only by one nucleotide. Protospacers 
were mapped using Bowtie 2.0 (“-very-sensitive- 
local” alignments). These methods preserve strand 
information. 


Directional RNAsegq profiling of 
MMB-1 strains 


Total RNA (1 ug) was incubated at 95°C in alka- 
line fragmentation buffer (2 mM EDTA, 10 mM 
Na,CO;, 90 mM NaHCo.; pH ~9.3) for 45 min and 
PAGE-purified [pre-run 15% TBE-Urea precast 
gels, 200 V, 45 min in Mini-PROTEAN electro- 
phoresis cells (Bio-Rad)] to select 30- to 80-nt frag- 
ments. RNA fragments were 3'-dephosphorylated 
with T4 polynucleotide kinase (NEB) at 37°C 
for 60 min in the supplied buffer, then desalted 
by ethanol precipitation. Desphosphorylated 
RNA was denatured again in adenylated ligation 
buffer [3.3 mM dithiothreitol (DTT), 10 mM 
MgCly, 10 ug/ml acetylated BSA, 8.3% glycerol, 
50 mM HEPES-KOH; pH ~8.3) for 1 min at 98°C 
and ligated to preadenylated adaptor AF-JA-34 
(/5rApp/NNNNNNAGATCGGAAGAGCACACG- 
TCT/3ddC/) at 22°C for 4 hours using 10 U T4 
RNA Ligase I (NEB). The (N)g barcode for each 
RNA fragment allowed us to computationally 
collapse PCR bias. Excess adaptor was removed 
by treatment with 5’ deadenylase (NEB) followed 
by RecJ; (NEB) treatment and organic extraction 
to purify ligation products. RNA was reverse- 
transcribed using primer AF-JA-126 (/5Phos/AGATC- 
GGAAGAGCGTCGTGT/iSp18/CACTCA/iSp18/ 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT) 
with SuperScript II (Life Technologies) and sub- 
sequently hydrolyzed in 0.2 M NaOH at 70°C for 
15 min. cDNA was PAGE-purified (pre-run 10% 
TBE-urea gels, 200 V, 45 min in Mini-PROTEAN 
electrophoresis cells) to select 90- to 150-nt frag- 
ments and circularized with 50U CircLigase I 
(Epicentre). Libraries were prepared by six to 14 
cycles of PCR with universal adaptor AF-JA-158 
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(AATGATACGGCGACCACCGAGATCTACACTCT- 
TTICCCTACACGACGCTCTTCCGATCT) and index- 
ing primers AF-JA-118:125 (CAAGCAGAAGACG- 
GCATACGAGAT NNNNNN GTGACTGGAGTTC- 
AGACGTGTGCTCTTCCG) where the (N), barcodes 
correspond to TruSeq LT indexes ADOO1 to ADOO8 
(lumina). Amplicons of 160 to 200 bp were gel- 
purified by agarose electrophoresis. 


Construction and validation of 
td intron constructs 


Constructs with the following features were or- 
dered as gBlocks (Integrated DNA Technologies) 
and cloned downstream of the T7 promoter in 
pCR-Blunt II-TOPO (Life Technologies). Bases 208 
to 216 (CTTAAGCGT) of the ribosomal protein 
S15 gene (Marme_0982) and bases 67 to 75 (CGT- 
AAATCC) of the ss7A tmRNA gene (Marme_R0008) 
were replaced with the wild-type fd intron splice 
junction (CTTGGGT|CT). The 393-bp intron se- 
quence was inserted at the exon junction ‘|’. In- 
cluded were 128 bp of upstream sequence for 
Marme_0982 and 183 bp of upstream sequence 
and 30 bp of downstream sequence for Marme_RO008. 
Transcripts were generated from linearized plas- 
mids using the MEGAscript T7 Transcription kit 
(Life Technologies). Mostly unspliced RNA was 
obtained by arresting the transcription reaction 
after 5 min at 37°C and subsequently extracted 
with acidified phenol:CHCl, (Life Technologies). 
One-third of the reaction product was incubated 
in a splicing buffer (40 mM tris, pH 7.5; 6 mM 
MgCly; 100 mM KCl; 1 mM ribo-GTP) at 37°C 
for 30 min and desalted by ethanol precipitation. 
Spliced and unspliced transcripts were visual- 
ized by 1/4x tris-acetate-EDTA native agarose gel 
electrophoresis, with a 100-bp Quickload dsDNA 
ladder (NEB) providing approximate sizing. Intron- 
containing genes were then transferred to pKT230- 
derived MMB-1 overexpression vectors carry- 
ing RT-Casl-associated genes and a copy of the 
CRISPRO3 array. One clone each from two inde- 
pendent conjugations was isolated for each vector. 

In vivo splicing efficiency was measured by 
high-throughput sequencing as follows. Total RNA 
was extracted and 1 ug was reverse-transcribed 
(SuperScript III, high GC content protocol; Life 
Technologies) with gene-specific primers down- 
stream of the splice junctions that would bind 
both spliced and unspliced transcripts: AF-SS-238 
(CTTAGCGACGTAGACCTAGTTTTT) for Marme_0982 
and AF-SS-241 (GGTTATTAAGCTGCTAAAGCG- 
TAG) for Marme_ROOO8. cDNA was treated with 
RNase H, and libraries were prepared by a two- 
round PCR method adapted from the CRISPR 
spacer sequencing method described above. Round 
1of PCR was performed at annealing temperatures 
of 48° and 65°C for two and 19 cycles, respectively, 
with primers AF-SS-242 (CGACGCTCTTCCGATC- 
TNNNNNGATTCGCATGGTAAAC) and AF-SS-243 
(ACTGACGCTAGTGCATCAAACTAGTGTAACGT- 
GCTG) for Marme_0982, and for two and 16 cycles, 
respectively, with primers AF-SS-247 (CGACGCT- 
CTTCCGATCTNNNNNCACGAACCTGAGGTG) 
and AF-SS-248 (ACTGACGCTAGTGCATCACGTC- 
GTTTGCGACTATATAATTGA) for Marme_RO008. 
This approach simultaneously generated ampli- 
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cons of identical length for both spliced and un- 
spliced transcripts, which were then attached to 
flowcell adaptors (lumina) with a second round 
of PCR as before. 

The presence of exon-junction sequences cor- 
responding to the ¢d intron constructs in DNA 
form outside the CRISPR arrays was also tested 
by high-throughput sequencing. Libraries con- 
sisting of the ~100-bp region containing the td 
intron insertion sites in Marme_ROOO8 and 
Marme_0982 were prepared by a two-round PCR 
method identical to the one described above for 
measuring splicing efficiency by RT-PCR, using 
100 ng of genomic DNA (~2 x 10’ copies) as a 
template instead of reverse-transcribed cDNA. 
Round 1 of PCR was performed at annealing tem- 
peratures of 57°C and 68°C for two and 16 cycles, 
respectively, with primers AF-SS-318 (CGACGCT- 
CTTCCGATCTNNNNNCACATTCATGACCACCA- 
TTCTCG) and AF-SS-309 (ACTGACGCTAGT- 
GCATCACTTCGGTCTTAGCGACGTAGAC) for 
Marme_0982 and primers AF-SS-310 (CGAC- 
GCTCTTCCGATCTNNNNNGGGGTGACATGG- 
TITCGACG) and AF-SS-311 (ACTGACGCTAGTG- 
CATCAGCAGGTTATTAAGCTGCTAAAGCG) for 
Marme_R0008. The amplicons were then at- 
tached to flowcell adaptors (Illumina) with a 
second round of PCR as before. Each library was 
sequenced to a depth of ~5 million reads. To 
ensure that the PCR was not bottlenecked, we 
also included a spike-in (1 molecule per 1000 
copies of the MMB-1 genome) of synthetic ssDNA 
templates—AF-SS-312 (TAAAAACATTGAAGGT- 
CTACAAGGTCACTTTAAAGCTCACATTCATGAC- 
CACCATTCTCGTCGCNNNNNNNNNNNNAT- 
GGTAAACCAACGTCGTAAGTTGTTGGATTACC- 
AGCTGCGTAAAGACGCAGCACGTTACACTAGT- 
TTGANNNNNNNNNNNNGTCTACGTCGCTA- 
AGACCGAAG) for Marme_0982 and AF-SS-313 
(GGGGTGACATGGTTTCGACGNNNNNNNNN- 
NNNCCTGAGGTGCATGTCGAGAGTGATACGT- 
GATCTCAGCTGTCCCCTCGTATCAATTATATA- 
GTCGCAAANNNNNNNNNNNNCGCTITTAGC- 
AGCTTAATAACCTGCTAGTGTGCTGCCCTCAG- 
GTTGCTTGTAGCCCGAGATTCCGCAGT) for 
Marme_R0008—that could be amplified con- 
comitantly by the same primer sets to yield 
identically sized amplicons. 

The spike-in-derived reads are easily identified 
by sequence, with the diversity of randomized (N)» 
segments used to evaluate the degree to which 
distinct reads in the amplified pool represent in- 
dependent molecules from the pre-amplification 
mixture. A large number of spike-in barcodes 
(ideally a different barcode for every spike-in read) 
indicate that a high fraction of reads from the 
amplified pool represent unique molecules in the 
initial sample, whereas repeated appearances of 
a small number of (N),2 barcodes in the amplified 
pool would be indicative of bottleneck formation 
during PCR (and hence a less than optimal rela- 
tionship between read counts and molecules in 
the initial pool). For the purpose of estimating 
the number of molecules sampled from an initial 
pool, we calculated a nonredundancy fraction, 
which is the ratio of spike-in-derived barcodes to 
total spike-in-derived reads. The nonredundancy 
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fraction provides a multiplier that can be used to 
correct raw read counts from an amplified pool 
to obtain an estimate of the contributing number 
of molecules from the initial pool. This is partic- 
ularly applicable for estimating a minimal inci- 
dence of a rare class (i.e., setting a detection limit 
for spliced copies of the td intron-containing 
DNA constructs in this work). Given nonredun- 
dancy fractions of >0.45 for all samples in these 
experiments, the observed totals of control (non- 
spliced, genomic) sequence reads (fig. S6C) would 
have been sufficient to detect the presence of 
extended spliced ¢d intron-containing DNA mol- 
ecules, even at the low incidence of 10°. 

The same cultures of MMB-1 were used to as- 
sess both splicing efficiency and the presence of 
exon-junction sequences in DNA form. 


PCR fidelity 


Analyzing sequence distributions through PCR 
and sequencing entails certain best practices in 
terms of both experimental protocols and analy- 
sis. In particular, several precautions were observed 
in constructing sequencing libraries for spacer 
sequencing. PCR titrations were performed to 
ensure that the amplification kinetics were in the 
linear range of the reactions before any size se- 
lection step (e.g., band excision from native agar- 
ose gels); this avoids renaturation artifacts in 
complex sequence pools. The overall error rate 
was empirically determined for every experiment 
by analyzing the distribution of mismatches in the 
sequences obtained from the first native spacer in 
the CRISPRO3 array; this enabled the estimation 
of the error rate in the region of the sequencing 
reads that contained newly acquired spacers. 
PCR bottlenecking was also measured as the num- 
ber of repeat occurrences of any given new spacer. 
All synthetic sequences that could lead to con- 
founding contamination issues were avoided: 
No sequences from £. coli, MMB-1, or other 
sources have been synthesized as amplifiable 
substrates. As a benchmark for recovery of in- 
dividual sequences, a nonbacterial sequence was 
synthesized as a spacer flanked by the appro- 
priate CRISPR repeats. This repeat-flanked spacer 
sequence (CTGGGACATATAATATCGTCCCCG- 
TAGATGCCTAT; a segment of the phage MS2) 
was recovered effectively in experiments with 
an E. coli transformant carrying a plasmid with 
the indicated template. Appearances of MS2 se- 
quences in other trials were limited to this single 
sequence, indicating a likely source due to a low 
level of cross-sample “bleeding.” 


Protein purification 


Expression plasmids were transformed into 
E. coli strains Rosetta2 (pMal derivatives) or 
Rosetta2(DE3) (pET14b derivatives), and single 
transformed colonies were grown in LB medium 
supplemented with appropriate antibiotics over 
night at 37°C with shaking. Six flasks each 
containing 1 liter LB were inoculated with 1% of 
the overnight culture and grown at 37°C with 
shaking to log phase. After the culture reached an 
optical density at 600 nm of ~0.8, IPTG was added 
to 1mM final concentration and the cultures were 
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incubated at 19°C for 20 to 24 hours. Cells were 
harvested by centrifugation, and the pellet was 
dissolved in Al buffer (25 mM KPO,, pH 7; 500 mM 
NaCl; 10% glycerol; 10 mM f-mercaptoethanol; 
10 ml/g cell paste) on ice. Lysozyme was added to 
1mg/ml final concentration and incubated at 4°C 
for 0.5 hours. Cells were then sonicated (Branson 
Sonifier 450; three bursts of 15 s each with 15 s 
between each burst). The lysate was cleared by 
centrifugation (29,400g, 25 min, 4°C), and poly- 
ethyleneimine (PED) was added to the supernatant 
in six steps on ice with stirring to a final concen- 
tration of 0.4%. After 10 min, precipitated nucleic 
acids were removed by centrifugation (29,400g, 
25 min, 4°C), and proteins were precipitated from 
the supernatant by adding ammonium sulfate to 
60% saturation on ice and incubating for 30 min. 
Proteins were collected by centrifugation (29,400, 
25 min, 4°C), dissolved in 20 ml Al buffer, and 
filtered through a 0.45-um polyethersulfone mem- 
brane (Whatman Puradisc). 

Protein purification was achieved by using a 
BioLogic fast protein liquid chromatography sys- 
tem (BioRad). RT-Cas1 was purified by loading 
the filtered crude protein onto an amylose column 
(30 ml; NEB Amylose High Flow resin), washing 
with 50 ml of Al buffer, followed by 30 ml Al plus 
1.5 M NaCl and 30 ml of Al buffer. Bound proteins 
were eluted with 50 ml of 10 mM maltose in Al 
buffer. Fractions containing RT-Cas1 were identi- 
fied by SDS-PAGE, pooled, and diluted to 250 mM 
NaCl. The protein was then loaded onto a 5-ml 
heparin-Sepharose column (HiTrap Heparin HP 
column; GE Healthcare) and eluted with a 0.1- to 
1-M NaC! gradient. Peak fractions (~700 mM NaCl) 
were identified by SDS-PAGE, pooled, and dialyzed 
into Al buffer. The dialyzed protein was concen- 
trated to >10 uM using an Amicon Ultra Centrif- 
ugal Filter (Ultracel-50K). The protein was stable 
in Al buffer on ice for about 3 months. 

The initial steps in the Cas2 purification were 
similar, except that the cell paste was resuspended 
in N1 buffer (25 mM tris-HCl, pH 7.5; 500 mM 
KCl; 10 mM imidazole; 10% glycerol; 10 mM DTT) 
and the ammonium sulfate precipitation step 
was omitted. Instead, the Cas2 PEI supernatant 
was loaded directly onto a 5-ml nickel column 
(HiTrap Nickel HP column; GE Healthcare) and 
eluted with an imidazole gradient (60 ml 10 to 
500 mM in N1 buffer). Peak fractions containing 
Cas2 were identified by SDS-PAGE and pooled. 
After adjusting the KCl concentration to 200 mM, 
the pooled fractions were loaded onto two 5-ml 
heparin-Sepharose columns arranged in tandem. 
The protein was eluted with a linear KCI gradient 
(50 ml, 100 mM to 1 M), and Cas2 peak fractions 
(~800 mM KCl) were identified by SDS-PAGE 
and stored on ice in elution buffer. The protein 
was stable on ice for several months. 

All protein concentrations were measured using 
the Qubit Protein assay kit (Life Technologies) ac- 
cording to the manufacturer’s protocol. Proteins 
were >80% pure based on densitometry. 


Formation of RTCas1+Cas2 complex 


Purified RTCas1 (2500 pMol) was mixed with a 
twofold excess of purified Cas2 in 250 mM KCl, 
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250 mM NaCl, and 12.5 mM tris-HCl (pH 7.5); 
12.5 mM KPO, (pH 7); 5mM DTT; 5 mM BME; and 
10% glycerol and incubated on ice for >16 hours 
prior to reactions. 


RT assay 


RT assays with poly(rA)/oligo(dT).4 were per- 
formed by preincubating poly(rA)/oligo(dT)o4 
(80 uM and 50 uM, respectively) in 200 mM KCl, 
50 mM NaCl, 10 mM MgCl, and 20 mM tris-HCl 
(pH 7.5); 1 mM unlabeled deoxythymidine triphos- 
phate (€TTP); and 5 Ci [o-°P LATTP (3000 Ci/mmol; 
PerkinElmer) for 2 min at the desired tempera- 
ture, then initiating the reaction by adding the 
RT-Cas1 proteins (1 to 2 uM final concentration). 
The reactions (20 to 30 ul) were incubated for 
times up to 30 min. A 3-u] sample was withdrawn 
at each time point and added to 10 ul of stop 
solution (0.5% SDS, 25 mM EDTA). Reaction 
products were spotted onto Whatman DES81 paper 
(10- x 7.5-cm sheets; GE Healthcare Biosciences), 
which was then washed three times with 0.3 M 
NaCl and 0.03 M sodium citrate, dried, and scanned 
with a PhosphorImager (Typhoon Trio Variable 
Mode Imager; GE Healthcare Biosciences) to quan- 
tify the bound radioactivity. 


CRISPR DNA cleavage/ligation assay 


MMB-1 CRISPR DNA substrate was a PCR prod- 
duct amplified with primers MMBIcrisp5b (CAC- 
TCGACCGGAATTATCGACGAA) and MMBicrisp3 
(TCTGAAACTCTGAATACTAACGAAAAATAG) 
using Phusion High-Fidelity DNA polymerase ac- 
cording to the manufacturer’s protocol (NEB or 
Thermo Scientific). The resulting 268-bp PCR 
fragment contains 120 bp of the leader, 35 bp of 
repeat 1, 33 bp of spacer 1, 35 bp of repeat 2, 37 bp 
of spacer 2, and 8 bp of repeat 3. Internally labeled 
substrate was prepared by adding 25 wCi [o-”P]- 
dTTP or dCTP (Perkin Elmer) and 40 uM dTTP 
or dCTP, respectively, to the PCR reactions. Labeled 
DNA was purified by electrophoresis in a native 
6% polyacrylamide gel, cutting out the labeled 
band, and electroeluting the DNA using midi D- 
Tube dialyzer cartridges (Novagen). The eluted 
DNA was extracted with phenol:chloroform:iso- 
amyl alcohol (phenol-CIA), ethanol-precipitated, 
and quantitated using a Qubit dsDNA assay kit 
(Life Technologies). 

CRISPR DNA cleavage-ligation assays contained 
RTCasi-Cas2 complex (500 nM final), MMB- 
1CRISPR substrate (1 nM), 20 mM tris (pH 7.5), 
and 7.5 mM free MgClo. DNA or RNA oligonu- 
cleotides and an equimolar solution of dNTPs and 
Mg”* were added at 2.5 uM and 1 mM final con- 
centrations as indicated for individual experi- 
ments. Reactions were incubated at 37°C for 1 hour 
and stopped by adding phenol-CIA. The super- 
natant was mixed at a 2:1 ratio with loading dye 
(90% formamide, 20 mM EDTA, and 0.25 mg/ml 
bromophenol blue and xyan cyanol), and nucleic 
acids were analyzed in a 6% polyacrylamide 7 M 
urea gel. Gels were dried and scanned with a 
phosphorimager. 

Labeled DNA or RNA oligonucleotide ligation 
assays were performed as described above but 
using 22.5 uM unlabeled CRISPR PCR fragment 
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and ~0.25 uM 5’-end-labeled gel-purified oligo- 
nucleotides. Control assays were performed with- 
out adding CRISPR PCR fragment. For nuclease 
treatment of oligonucleotide ligation to CRISPR 
DNA, reactions were scaled up fourfold, treated 
with phenol-CIA, and ethanol-precipitated. The 
precipitated nucleic acids were dissolved in 30 ul 
of water. Equal amounts were then either un- 
treated or treated with RNase H (2 units, Invi- 
trogen), DNase I (RNase-free, 10 units, Roche), 
and RNase A/T1 mix [0.5 ng RNase A (Sigma) and 
500 units RNase T1 (Ambion)] in 40 mM tris (pH 
7.9), 10 mM NaCl, 6 mM MgCl, and 1 mM CaCl, 
for 20 min at 37°C. Samples were extracted 
with phenol-CIA to terminate the reaction and 
analyzed by electrophoresis in a denaturing poly- 
acrylamide gel, as described above. 

Labeled cDNA extension reactions were carried 
out as above but using cold CRISPR DNA and 
oligonucleotides with 0.25 mM unlabeled dATP, 
dGTP, and dTTP and 5 uCi [a-*°P]-dCTP (3000 
Ci/mMol, PerkinElmer). 

Oligonucleotides for cleavage/ligations assays 
were as follows: 29-nt DNA (TTTGGATCCTCAT- 
CTTTTAGGGCTCCAAG), 33-nt dsDNA-top (GA- 
TGCTTATGGTTATTGCAGCTACCCTCGCCCT), 
33-nt dsDNA-bottom (AGGGCGAGGGTAGCTG- 
CAATAACCATAAGCATC), 21-nt RNA (GCCGCU- 
UCAGAGAGAAAUCGC), and 35-nt RNA (UUA- 
CGGUGCUUAAAACAAAACAAAACAAAACAAAA),. 
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The maternal interleukin-17a pathway 
in mice promotes autism-like 
phenotypes in offspring 


Gloria B. Choi,!* Yeong S. Yim,!* Helen Wong,”?* Sangdoo Kim,* Hyunju Kim,* 
Sangwon V. Kim,” Charles A. Hoeffer,”?+ Dan R. Littman,”*+ Jun R. Huh*>+ 


Viral infection during pregnancy has been correlated with increased frequency of autism 
spectrum disorder (ASD) in offspring. This observation has been modeled in rodents 
subjected to maternal immune activation (MIA). The immune cell populations critical in 
the MIA model have not been identified. Using both genetic mutants and blocking 
antibodies in mice, we show that retinoic acid receptor-related orphan nuclear receptor 
gamma t (RORyt)—dependent effector T lymphocytes [for example, T helper 17 (T4417) cells] 
and the effector cytokine interleukin-17a (IL-17a) are required in mothers for MIA-induced 
behavioral abnormalities in offspring. We find that MIA induces an abnormal cortical 
phenotype, which is also dependent on maternal IL-17a, in the fetal brain. Our data suggest 
that therapeutic targeting of T,17 cells in susceptible pregnant mothers may reduce the 
likelihood of bearing children with inflammation-induced ASD-like phenotypes. 


everal studies have suggested that viral in- 

fection of women during pregnancy corre- 

lates with an increased frequency of autism 

spectrum disorder (ASD) in the offspring 

(-6). In the rodent maternal immune ac- 
tivation (MIA) model of this phenomenon (7), off- 
spring from pregnant mice infected with virus or 
injected intraperitoneally with synthetic double- 
stranded RNA (dsRNA) [poly(I:C)], a mimic of 
viral infection, exhibit behavioral symptoms 
reminiscent of ASD: social deficits, abnormal 
communication, and repetitive behaviors (8). T 
helper 17 (Ty17) cells are responsible for immune 
responses against extracellular bacteria and fungi, 
and their dysregulation is thought to underlie 
numerous inflammatory and autoimmune dis- 
eases (9), such as asthma, rheumatoid arthritis, 
psoriasis, inflammatory bowel disease (IBD), and 
multiple sclerosis. The transcription factor reti- 
noic acid receptor-related orphan nuclear recep- 
tor gamma t (RORyt) is expressed in several cell 
types in the immune system. It is a key transcrip- 
tional regulator for the development of T};17 cells, 
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as well as y6 T cells and innate lymphoid cells (such 
as ILC3) that express T,,17 cell-like cytokines, in 
both humans and mice (10-13). 

Ty17 cells and their cytokine mediators have 
been suggested to have a role in ASD. For exam- 
ple, elevated levels of interleukin-17a (IL-17a), the 
predominant T}17 cytokine, have been detected 
in the serum of a subset of autistic children (74, 15). 
A genome-wide copy number variant (CNV) analy- 
sis identified JL17A as one of many genes enriched 
in autistic patients (76). Similarly, in the MIA mouse 
model, CD4* T lymphocytes from affected offspring 
produced higher levels of IL-17a upon in vitro 
activation (17, 18). Although these data suggest 
that Ty17 cells may be involved in ASD patients, 
whether T,17 cells are the specific immune cell 
population that is necessary for MIA phenotypes 
is unknown. Here, we show that maternal RORyt- 
expressing proinflammatory T cells, a major 
source of IL-17a, are required in the MIA model 
for induction of ASD-like phenotypes in off- 
spring. Consistent with this notion, antibody 
blockade of IL-I7a activity in pregnant mice 
protected against the development of MIA- 
induced behavioral abnormalities in the offspring. 
Also, we found atypical cortical development 
in affected offspring, and this abnormality was 
rescued by inhibition of maternal T}17-IL-17a 
pathways. 


Elevated fetal brain IL-17Ra mRNA 
follows increased maternal IL-17a in MIA 


Pregnant mothers injected with poly(I:C) on em- 
bryonic day 12.5 (E12.5) had strong induction of 
serum cytokines IL-6, tumor necrosis factor-o. 
(TNF-a), interferon-8 (IFN-f), and IL-1B at 3 hours, 
compared with phosphate-buffered saline (PBS)- 


injected control dams (Fig. 1A and fig. S1, A to 
C). Additionally, poly(1:C) injection resulted in 
a strong increase of serum IL-17a at E14.5 (Fig. 
1B). On the other hand, poly(I:C) did not affect the 
levels of the anti-inflammatory cytokine IL-10 in 
the serum nor in placenta and decidua extracts 
(fig. SID). It was previously shown that the pro- 
inflammatory effector cytokine IL-6, a key factor 
for Ty17 cell differentiation (79), is required in 
pregnant mothers for MIA to produce ASD-like 
phenotypes in the offspring (7). We found that 
poly(I:C) injection into pregnant dams lacking 
IL-6 [IL-6 knockout (KO)] failed to increase the 
serum levels of IL-17a at E14.5, consistent with 
IL-6 acting upstream of IL-17a. Conversely, recom- 
binant IL-6 injections into wild-type (WT) mothers 
were sufficient to induce IL-17a levels compara- 
ble to those of poly(I:C)-injected WT mothers (fig. 
SIE). Placenta- and decidua-associated mono- 
nuclear cells, isolated from poly(I:C)-treated ani- 
mals at E14.5 and cultured for 24 hours, expressed 
amounts of IL-6 mRNA similar to those of PBS 
controls (Fig. 1C). In contrast, IL-17a mRNA expres- 
sion in these cells was strongly up-regulated by 
poly(1:C) injection (Fig. 1D). This increase in mRNA 
expression was correlated with enhanced secre- 
tion of IL-17a by placenta- and decidua-associated 
mononuclear cells from poly(I:C)-treated dams 
(Fig. 1E), upon ex vivo stimulation with phorbol- 
myristate acetate (PMA) and ionomycin, which 
mimics T cell receptor (TCR) activation. IL-17a 
induction was specific to the placenta and de- 
cidua, as small intestine mononuclear cells from 
poly(1:C)-treated pregnant dams did not secrete 
more IL-17a than those from PBS-treated con- 
trols (fig. SIF). 

We also observed that expression of the IL-17a 
receptor subunit A (IL-17Ra) mRNA, but not sub- 
unit C (IL-17Rc) mRNA, was strongly augmented 
in the fetal brain upon induction of MIA (Fig. 1, F 
and G). By in situ hybridization, IL-17Ra mRNA 
was detected in the mouse cortex, and its ex- 
pression was strongly up-regulated in E14.5 fetal 
brains after poly(I:C) injection of pregnant dams 
(Fig. 1, H and J). The in situ probe detecting 
endogenous expression of IL-17Ra was specific, as 
it did not produce detectable signal in E14.5 fetal 
brain that lacks IL-17Ra (fig. $2). 


Maternal IL-17a promotes abnormal 
cortical development in offspring 


We next investigated if pathological activation of 
the IL-17 pathway in pregnant mothers affects 
fetal brain development and subsequently con- 
tributes to the ASD-like behavioral phenotypes 
in offspring. To test this hypothesis, we pretreated 
pregnant mothers with isotype control or IL-17a- 
blocking antibodies before injecting them with 
PBS or poly(I:C) (fig. S3). We then examined cor- 
tical development in the fetus for the following 
reasons: (i) Poly(I:C) injection of mothers increases 
IL-17Ra expression in the cortex of the fetal brain 
(Fig. 1, H and 1); (ii) cortical development starts 
at about E11 (20), which aligns well with the time 
points of potential fetal exposure to MIA (7); (iii) 
disorganized cortex and focal patches of abnor- 
mal laminar cytoarchitecture have been found in 
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the brains of ASD patients (27, 22); and (iv) MIA 
has been shown to affect cortical development 
(23, 24). We analyzed cortical lamination, an or- 
derly layered structure of the cortex, in fetal brains 
at E14.5 and E18.5, as well as in the adult brain, 
using antibodies specific for proteins expressed in 
the cortex in a layer-specific manner (25): special 
AT-rich sequence-binding protein 2 (SATB2) (26), 
T-brain-1 (TBR1) (27), and chicken ovalbumin up- 
stream promoter transcription factor-interacting 
protein 2 (CTIP2) (28). MIA led to delayed ex- 
pression of SATB2 at E14.5 compared with fetuses 
of control animals (Fig. 2, A and C). At E18.5, MIA 
resulted in a patch of disorganized cortical cyto- 
architecture (Fig. 2, B and D to G) but did not affect 
cortical thickness of the fetal brains (Fig. 2H). This 
singular patch of disorganized cortex occurred 
at a similar medial-lateral position in a majority 
of E18.5 fetal brains (Fig. 2, E and G) derived from 
mothers injected with poly(I:C) but not those in- 
jected with PBS. The abnormal expression patterns 
of SATB2, TBR1, and CTIP2 were maintained in 
adult MIA offspring (fig. S4). Note that normal 
expression of these cortical layer-specific markers, 
as well as laminar cortical organization, were 
largely preserved in the offspring of poly(I:C)- 


injected mothers pretreated with IL-17a-blocking 
antibody (Fig. 2, A to D, and fig. S4). 

Pretreatment with IL-17a-blocking antibody 
also suppressed the MIA-mediated increase in 
IL-17Ra MRNA expression in fetal brain at E14.5 
(Fig. 1F). This suppression was accompanied by a 
reduction in maternal serum IL-17a (Fig. 1B), 
which indicated that the up-regulation of IL-17Ra 
mRNA in fetal brains requires maternal IL-17a 
signaling. Of note, IL-17a antibody blockade of the 
IL-17a-IL-17Ra signaling pathway did not result in 
a concomitant increase of the serum IL-10 levels, 
and IL-17a mRNA expression was not detected in 
fetal brain at E14.5, regardless of poly(I:C) injec- 
tion. Together, these data demonstrate that the 
maternal IL-17a-dependent pathway mediates 
disorganized cortical phenotypes in offspring af- 
ter in utero MIA and suggest that this may be due 
to exposure of the fetus and its brain to increased 
levels of IL-17a. 


Maternal IL-17a promotes ASD-like 
behavioral abnormalities in offspring 

We next tested the functional relevance of the 
maternal IL-17a pathway for MIA-induced ASD- 
like behavioral abnormalities in offspring (fig. 


83). We first assessed MIA offspring for abnor- 
mal communication by measuring pup ultra- 
sonic vocalization (USV) responses (29). After 
separation from mothers, pups from poly(I:C)- 
injected mothers pretreated with immunoglo- 
bulin G (IgG) isotype control antibody emitted 
more USV calls than those from PBS-injected 
mothers (Fig. 3A), in agreement with previous 
studies (29, 30). Some studies have reported 
reduced USV calls upon MIA (8, 37), but these 
opposite effects may reflect differences in meth- 
odological approaches, including dose and num- 
ber of exposures to poly(I:C), as well as timing of 
poly(I:C) administration. Altogether, these results 
indicate that MIA induces abnormal USV in 
offspring. Pretreating poly(I:C)-injected mothers 
with IL-17a-blocking antibody resulted in off- 
spring that emitted a similar number of USV calls 
as the pups from PBS-injected control mothers 
(Fig. 3A), which demonstrated that IL-17a- 
mediated signaling events are necessary for the 
MIA-induced abnormal USV phenotype. As pre- 
viously reported (7, 8), we found that prenatal 
exposure to MIA also caused social interaction de- 
ficits in adult offspring (Fig. 3B). This defect was 
fully rescued in offspring from poly(I:C)-injected 
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Fig. 1. IL-17a increase in mothers subjected to MIA leads to elevated 
IL-I7Ra mRNA expression in the offspring. (A) Serum concentrations of 
IL-6 (n = 3 to 5 mice per group, two independent experiments) at 3 or 24 hours 
after PBS or poly(I:C) injection into pregnant dams at E12.5. (B) Serum con- 
centrations of maternal IL-17a (n = 4 to 8 mice per group, two independent 
experiments) at E14.5 in PBS- or poly(I:C)-injected mothers, pretreated with 
or without anti-IL-I7a. (© and D) Relative IL-6 (C) and IL-I7a (D) mRNA ex- 
pression in cells isolated from placenta or decidua of PBS- or poly(I:C)-treated 
mothers at E14.5 and cultured in vitro for 24 hours. The results are repre- 
sentative of three independent experiments. For each probe set, relative mRNA 
expression of one biological replicate from PBS-treated dams was set at 1. 
Real-time PCR analysis of relative expression of indicated genes compared with 
the level of glyceraldehyde-3-phosphate dehydrogenase in cells from PBS- 
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treated dams. (E) Supernatant concentrations of IL-17a from ex vivo cultured 
mononuclear cells, isolated from placenta or decidua of PBS- or poly(|:C)-treated 
pregnant dams. Stim refers to PMA and ionomycin stimulation. (F and G) Relative 
IL-17Ra (F) and IL-17Rc (G) MRNA levels in E14.5 male fetal brain, derived from 
PBS- or poly(l:C)-injected mothers, pretreated with isotype control (Cont) or 
anti-IL-17a. The relative mRNA fold change, compared with the PBS- and Cont- 
treated groups, is plotted on the y axis (n = 7 for all groups; two or three in- 
dependent experiments). (H) In situ hybridization with an IL-17Ra RNA probe in 
E14.5 male fetal brains derived from PBS- or poly(I:C)-injected mothers. Images 
are representative of four independent experiments. DAPI, 4’,6’-diamidino-2- 
phenylindole. (1) Relative signal intensity for images shown in (H). Scale bar, 
100 um. (A), (B), (E), (F), and (G) One-way analysis of variance (ANOVA) with 
Tukey's post hoc tests. (C), (D), and (I) Student’s t test. **P < 0.01. Means +t SEM. 
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mothers pretreated with IL-17a-blocking anti- 
body (Fig. 3B). Repetitive and perseverative be- 
haviors are another core feature in ASD that we 
tested next in our experimental mice using the 


marble-burying assay (32). Offspring from poly 
(I:C)-injected mothers displayed enhanced marble 
burying compared with offspring from PBS- 
injected mothers (Fig. 3C), consistent with previ- 


ous studies (7, 29). Pretreatment with IL-17a- 
blocking antibody of poly(I:C)-injected mothers 
rescued marble-burying behavior in the offspring 
(Fig. 3C). Notably, distinct behavioral phenotypes 


A B 
E14.5 
PBS Poly(I:C) Poly(I:C) 
antilL-17a antilL-17a 
= . 
<x 
a Q 
as = 
< 3 
a Ee 
ke Sees, 
<x nN 
Z 
<x 
a 
C D 
. TBR1+ cells (Count) SATB2+ cells (Count) Poly(I:C), Cont 
gO sO o 88 888 ~,2 8 BBB is 
2H a aa 3 
£a = = 
a & 100- 2 (0) 
a € 
<6 4 
9) 5 50+ 
fo) 
& 4% 
eS Ole . = 
co AV of rd 
RN Na 105 
~ AS (block) -5500 
Ss Ss (block) 
-@: PBS, Cont -~@ Poly(I:C), Cont (um) 
PBS _ Poly(I:C) -~@- PBS, anti-IL-17a ~@ Poly(IC:), anti-IL-17a 
H 800, 
Protrusion L Eoueelen ot _ 
Hl Intrusion 3 § 600+ 
= Hl Other = B aoe 
oH No patch = 2 
= ois: 
a Oe 2004 
faa] : s 
Ee Intrusion 
a ot, 
S Ae _S Am 
oN On 
ow oy 
S S 
Ss s 
PBS  Poly(I:C) 


Fig. 2. The IL-17a pathway promotes abnormal cortical development in 
the offspring of pregnant dams after MIA. (A) Immunofluorescence staining 
of SATB2 (a marker of postmitotic neurons in superficial cortical layers) in 
E14.5 male fetal brain, derived from PBS- or poly(I:C)-injected mothers, pre- 
treated with isotype control (Cont) or anti-IL-17a. MZ, marginal zone; CP, 
cortical plate; SP, subplate; SVZ, subventricular zone; VZ, ventricular zone. 
(B) Staining of SATB2 and TBRI1 (a marker restricted to deeper cortical lay- 
ers) in E18.5 male fetal brains from animals treated as in (A). Cortical layers: 
Il to IV, V, and VI. (C) Quantification of SATB2 intensity in the cortical plate 
of E14.5 fetal brains (n = 8 for all groups; three independent experiments). 
(D) Quantification of TBR1- and SATB2-positive cells in a 300 x 300 um? re- 
gion of interest (ROI) centered on the malformation in the cortical plate of 
E18.5 fetal brains {n = 20 (PBS, Cont); n = 20 (PBS, anti-IL-17a); n = 24 [poly(I:C), 
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Cont]; n = 20 [poly(I:C), anti-IL-17a]; five independent experiments}. (E) The 
spatial location of the cortical patch in E18.5 male fetal brains from poly(I:C)- 
injected mothers pretreated with control antibodies {n = 20 [poly(l:C), Cont]}. 
(F) The disorganized patches of cortex observed in fetuses from poly(I:C)- 
injected mothers were categorized into groups based on morphology: Pro- 
trusions, intrusions, or other abnormal patterns and their representative 
images are shown. (G) Percentage of the cortical patches in each category 
{n = 24 [poly(I:C), Cont]}. (H) Thickness of the cortical plate in E18.5 fetal 
brains, derived from PBS- or poly(I:C)-injected mothers, pretreated with 
isotype control or anti-IL-l17a (n = 20 for all groups; five independent 
experiments). Scale bars in (A), (B), and (F), 100 um. One-way ANOVA (C) and 
(H) and two-way ANOVA (D) with Tukey’s post hoc tests. **P < 0.01 and *P < 
0.05. Means + SEM. 
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observed among different treatment groups were 
not due to differences in activity or arousal, as 
total distances moved during the sociability test 


were indistinguishable (Fig. 3D). Moreover, dif- 
ferent treatment groups displayed comparable gen- 
der ratios, litter sizes, and weights (fig. S5). Taken 


together, these data indicate that the IL-17a path- 
way in pregnant mice is crucial in mediating the 
MIA-induced behavioral phenotypes in offspring. 
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38 [poly(I:C), Cont]; n = 34 [poly(I:C), anti-lL-17a]; from six or seven 
independent experiments}. (B) Social approach behavior. Graphed as a 
social preference index (% time spent investigating social or inanimate 
stimulus out of total object investigation time) {n = 15 (PBS, Cont); n = 15 
PBS, anti-IL-17a); n = 16 [poly(I:C), Cont]; n = 20 [poly(I:C), anti-IL-17a]; 
from six or seven independent experiments}. (C) Marble-burying behavior. 
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Fig. 4. RORyt expression in maternal T cells is required for manifestation 
of ASD-like phenotypes in the MIA model. (A) SATB2 and TBRI1 staining 
in the cortex of E18.5 male fetal brains after MIA induction with poly(I:C) in 
mothers with the indicated genotypes. Cortical layers: Il to IV, V, and VI. 
Images are representative of three independent experiments. Scale bar, 100 um. 
(B) Quantification of TBR1- and SATB2-positive cells in a 300 x 300 pm? ROI 
centered on the malformation in the cortical plate of E18.5 male fetal brains (n = 
6 for all groups). (©) Number of USVs emitted by P9 pups. Total USVs emitted 
during test period (3 min) are plotted on the y axis [n = 16, 18, and 15 offspring 
from PBS-treated WT, RORyt HET, and RORyt TKO mothers, respectively; n = 
15, 11, and 28 from poly(I:C)-treated WT, RORyt HET, and RORyt TKO mothers, 
respectively; data from four to seven independent dams]. (D) Social approach 
behavior is shown as a social preference index as in Fig. 3. [n = 21, 15, and 15 
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Percentage of the number of buried marbles is plotted on the y axis {n = 15 
(PBS, Cont), n = 15 (PBS, anti-IL-17a), n = 15 [poly(I:C), Cont]; n = 20 [poly(I:C), 
anti-IL-17a]; from six or seven independent experiments}. (D) Total distance 
traveled during social approach behavior. (A), (C), and (D) One-way ANOVA 
with Tukey's post hoc tests. (B) Two-way ANOVA with Tukey's post hoc tests. 
**P < 0.01 and *P < 0.05. Means + SEM. 
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adult offspring from PBS-treated WT, RORyt HET, and RORyt TKO mothers, 
respectively; n = 36, 15, and 21 from poly(I:C)-treated WT, RORyt HET, and 
RORyt TKO mothers, respectively; data from four to seven independent 
dams]. (E) Marble-burying behavior as in Fig. 3 [n = 14, 19, and 15 adult 
offspring from PBS-treated WT, RORyt HET, and RORyt TKO mothers, 
respectively; n = 32, 15, and 25 from poly(|:C)-treated WT, RORyt HET, and 
RORyt TKO mothers, respectively; data from four to seven independent 
dams]. (F) Total distance moved by offspring tested for social behavior. RORyt 
HET and RORyt TKO refer to RORy°°*: CD4-Cre/+ and RORyt™/RORy™°: 
CD4-Cre/+, respectively. (C) One-way ANOVA with Holm-Sidak post hoc tests. 
(B) and (D) Two-way ANOVA with Tukey's post hoc tests. (E) and (F) One- 
way ANOVA with Tukey’s post hoc tests. ***P < 0,001, **P < 0.01, and *P < 
0.05. Means + SEM. 
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RORyt expression in maternal T cells is 
required for ASD-like phenotypes in the 
MIA offspring. 

As RORyt is a critical regulator of the IL-I7a 
pathway (13), we next investigated the role of ma- 
ternal RORyt in MIA-induced behavioral pheno- 
types in offspring. Note that T}17 cells and IL-17a 
have been detected in the decidua, as well as in 
the serum, during pregnancy in humans (33-35). 
CD45* mononuclear cells, including CD4* T cells, 
isolated from placenta and decidua of immune- 
activated WT mothers, but not from immune- 
activated mothers lacking both RORyt and the 
closely related RORy isoform (RORy KO), pro- 
duced IL-17a upon ex vivo activation with PMA 
and ionomycin (fig. S6, A and B). Cells isolated 
from WT and RORy KO mice secreted similar 
amounts of IFN-y, consistent with the specific 
effect of RORyt on IL-17a expression (fig. S6C). In 
line with this observation, poly(I:C) treatment 
increased placenta- and decidua-associated T};17, 
but not regulatory T, cells in pregnant dams, com- 
pared with PBS treatment (fig. S6, D and E). RORy 
KO mice lack RORy and yt expression not only in 
CD4* T cells but also in other lymphoid and non- 
immune system cells, and they have defective 
development of secondary and tertiary lymphoid 
organs (36, 37). To determine whether RORyt 
function specifically in T cells mediates MIA- 
induced phenotypes, we bred RORyt*” animals 
(fig. S7) to CD4-Cre mice to selectively inactivate 
rorc(t) in the T cells of pregnant mothers (RORyt 
TKO) (38). In these animals, the functions of 
Tyl7 cells (CD4*RORyt* cells) and other RORyt- 
expressing oT cells are inhibited, but there is no 
effect in RORyt-expressing innate (or innate- 
like) immune cells, including yéT, lymphoid tissue- 
inducer cells, and ILC3 cells (11, 12), as well as in 
RORy-expressing nonlymphoid cells. We found 
that RORyt TKO mothers failed to produce IL- 
17a even after poly(1:C) injection (fig. S6F). Note 
that poly(I:C)-induced malformation of the cortex 
was prevented in offspring from RORyt TKO 
mothers (Fig. 4, A and B), similar to the results 
from anti-IL-17a treatment (Fig. 2, B and D). 
Moreover, we found that prenatal exposure to 
MIA increased USV calls in pups derived from 
WT or RORyt heterozygous (HET) mothers, but 
offspring of RORyt TKO mothers had normal 
USV behavior (Fig. 4C). T cell-specific deletion of 
maternal RORyt also abrogated the MIA-induced 
social interaction deficit and excessive marble 
burying in offspring (Fig. 4, D and E). These re- 
sults were not due to general activity defects in 
the offspring of WT, RORyt HET or TKO mothers 
(Fig. 4F). Because these offspring were derived 
from mating RORyt WT, HET and TKO female 
with WT male mice, they all carried at least one 
copy of functional RORyt. Therefore, the rescue 
of MIA-induced phenotypes observed in the off- 
spring of RORyt TKO mothers was not likely due 
to the lack of T};17 cells in the offspring. Taken 
together, these data indicate that maternal CD4* 
T lymphocytes expressing ROR}t (i.e., Ty17 cells) 
are necessary for the MIA-mediated expression 
of cortical abnormalities and three ASD-like be- 
haviors modeled in mouse offspring. 
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IL-17a administration to the fetal brain 
promotes abnormal cortical 
development and ASD-like 

behavioral phenotypes 

To determine whether IL-17a acts on receptors in 
the mother or the fetus to induce the MIA phe- 
notype, we injected poly(I:C) into IL-17Ra WT, 
HET, or KO mothers that had been bred to 
IL-17Ra WT or HET males (39). Removing one or 
both copies of z/17ra in the mother was sufficient 
to rescue the MIA-induced sociability deficit in 
offspring, regardless of their genotypes (fig. S8A). 
Moreover, we found that reduced expression of 
maternal IL-17Ra in ilJ7ra HET mothers led to 
reduced serum IL-17a in poly(I:C)-treated mothers 
(fig. S8B). Thus, it is difficult, if not impossible, to 
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vent this problem, we asked if increasing IL-17Ra 
activity in the offspring, by introducing IL-17a di- 
rectly into the fetal brain in the absence of mater- 
nal inflammation, would be sufficient to induce 
MIA phenotypes. Injection of recombinant IL-17a 
protein into the ventricles of the fetal brain at 
E14.5 in the absence of MIA (Fig. 5A) led to the 
appearance of disorganized cortical patches in a 
similar location to those induced by MIA (Fig. 5, 
B to E). Unlike poly(1:C) injection, however, intra- 
ventricular injection of IL-17a resulted in thinned 
cortical plates at the medial but not lateral part 
of the brain (fig. S9). This effect may reflect 
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Fig. 5. IL-17a administration to the fetus promotes abnormal cortical development and ASD-like 
behavioral phenotypes. (A) Schematic diagram of the experimental method. Each embryo was injected 
intraventricularly at E14.5 with PBS or recombinant IL-17a protein mixed with Fastgreen dye. (B) SATB2 
and TBR1 staining in the cortex of E18.5 male fetal brains treated as in (A). Images are representative of 
five independent experiments. (C) Quantification of TBR1- and SATB2-positive cells in a 300-m-wide 
ROI corresponding to the region of the cortical plate containing the malformation in E18.5 male fetal 
brain [n = 20 (PBS), n = 20 (IL-17a)]. (D) The spatial location of the disorganized cortical patch in E18.5 
fetal brain [n = 20 (IL-17a)]. (E) Percentage of the cortical patches in each category [n = 20 (IL-17a)]. 
(F) USV assay, the number of pup calls [n = 15 (PBS), n = 17 (IL-17a); from five or six independent dams 
per treatment]. (G) Social approach behavior is shown as a social preference index as in Fig. 3 [n = 
12 (PBS), n = 18 (IL-17a); from five or six independent experiments]. (H) Marble-burying behavior. Per- 
centage of the number of buried marbles is plotted on the y axis [n = 12 (PBS), n = 18 (IL-17a); from five 
or six independent experiments]. (I) Total distance traveled during social approach test. (C) Two-way 
ANOVA with Tukey's post hoc tests. (F), (H), and (I) Student's t tests. (G) One-way ANOVA with Tukey's 
post hoc test. **P < 0.01; *P < 0.05; and ns, not significant. Means + SEM. 
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differences in the levels or types of inflammation 
associated with poly(I:C) versus IL-17a injections 
or the time points at which poly(I:C) (E12.5) and 
IL-17a (E14.5) were administered. We also found 
that, compared with sham injection, IL-17a injec- 
tions led to an enhanced USV phenotype, social 
approach deficit, and increased marble-burying 
behavior, all similar in magnitude to those ob- 
served in MIA-exposed offspring (Fig. 5, F to H). 
These behavioral abnormalities were not due to 
group differences in mobility (Fig. 51). Neither 
cortical disorganization nor enhanced USV phe- 
notypes were observed after IL-17a injections into 
the ventricles of IL-17Ra KO fetuses or upon IL-6 
injections into WT fetal brains (fig. S10, A to C), 
which suggests that IL-17a, but not IL-6, acts di- 
rectly in the fetal brain to induce these pheno- 
types. Of note, in agreement with previous reports 
(7, 40), IL-6 injection into pregnant WT mothers 
was sufficient to produce MIA-associated behav- 
ioral (enhanced USV) and cortical phenotypes in 
the offspring (fig. S10, D to F). Yet, pretreatment 
of pregnant mothers with IL-17a-blocking anti- 
body prevented the phenotypes induced by ma- 
ternal IL-6 injection (fig. S10, D to F). Last, IL-17a 
injection into brains of fetuses from poly(I:C)- 
injected IL-6 KO mothers was sufficient to elicit 
increased pup USVs compared with PBS-injected 
controls (fig. S10G). These data collectively dem- 
onstrate that activation of the IL-17Ra pathway 
in the fetal brain, induced by intraventricular 
injection of IL-17a into the fetus or by intraperi- 
toneal injection of poly(:C) or IL-6 into pregnant 
mothers, results in MIA-associated phenotypes 
in the offspring. 
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Therapeutic treatment with 
IL-17a—blocking antibody in pregnant 
dams ameliorates MIA-associated 
behavioral abnormalities 

Our results suggest that pathological activation 
of the Ty17 cell-IL-17a pathway during gestation 
in mothers with some inflammatory conditions 
may alter fetal brain development and contrib- 
ute to the ASD-like behavioral phenotypes in off- 
spring (fig. S11). T}17 cells require RORyt for 
their differentiation and exert their functions 
by secreting multiple cytokines, including IL- 
17a. Abrogation of RORyt expression in maternal 
of T cells or blockade of the IL-17a pathway in 
pregnant dams resulted in the complete rescue 
of cortical developmental abnormalities and ASD- 
like behavioral phenotypes in offspring in the 
MIA rodent model. Thus, RORyt and Ty17 cells 
(as well as their cytokines) may serve as good 
therapeutic targets to prevent the development 
of ASD phenotypes in the children of susceptible 
mothers. To further test this idea, we adminis- 
tered IL-17a-blocking antibody to pregnant mice in 
a time window after MIA induction (Fig. 6A). We 
injected pregnant mothers with PBS or poly(I:C) 
at E12.5, followed by injection of IgG isotype 
control or IL-17a-blocking antibody at E14.5, when 
the delayed expression of SABT2 manifests in 
MIA-exposed fetal brains (Fig. 2, A and C). Com- 
pared with PBS injection followed by control 
antibody treatment, poly(I:C) injection followed 
by IL-17a-blocking antibody administration 
partially rescued USV and marble-burying pheno- 
types (Fig. 6, B and D). However, MIA-induced 
social interaction deficits were not corrected (Fig. 


6C). These effects were not due to group differ- 
ences in mobility (Fig. 6E). Thus, treating preg- 
nant mothers with IL-17a-blocking antibody after 
MIA can correct some of the ASD-like features, 
but pretreatment with this antibody may have 
greater therapeutic potential. 


Conclusions 

Our results identify a specific maternal immune 
cell population that may have direct roles in 
inducing ASD-like phenotypes by acting on the 
developing fetal brain. These findings raise the 
possibility that modulation of the activity of a 
cytokine receptor, IL-17Ra, in the central nervous 
system can influence neuronal development, with 
implications as to specification of neuronal cell 
types and their connectivity. Furthermore, note 
that the loss of certain genes that induce ASD-like 
phenotypes were also found in mice with defects 
in cortical lamination (41, 42). These observations 
raise the possibility that some genetic and envi- 
ronmental factors that have roles in the etiology 
of ASD function by way of similar physiolog- 
ical pathways. A related question is whether IL- 
17Ra signaling has a normal physiological function 
in the fetal and adult brain, especially given the 
structural similarities observed between the IL-17 
family cytokines and neurotrophin proteins (e.g., 
nerve growth factor) (43, 44). Elucidating fur- 
ther downstream pathways of maternal IL-17a- 
producing T cells, both in MIA mothers and 
their offspring, will likely yield a better under- 
standing of the mechanisms by which inflam- 
mation in utero contributes to the development 
of neurodevelopmental disorders, such as ASD, 
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17 (PBS, Cont); n = 17 [poly(I:C), Cont]; n = 27 [poly(I:C), anti-IL-17a]; from three or four independent dams per treatment}. (C) Social approach behavior is shown as 
a social preference index (Fig. 3) {n = 12 (PBS, Cont), n = 10 [poly(I:C), Cont], n = 17 [poly(I:C), anti-IL-17a]; from three or four independent dams per treatment}. 
(D) Marble-burying behavior as in Fig. 3 {n = 12 (PBS, Cont), n = 10 [poly(I:C), Cont], n = 17 [poly(I:C), anti-lL-17a]; from three or four independent dams per 
treatment}. (E) Total distance traveled during social approach behavior. (B), (D), and (E) One-way ANOVA with Tukey's post hoc tests. (C) Two-way ANOVA 
with Tukey's post hoc test. **P < 0.01 and *P < 0.05. Means + SEM. 
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and, additionally, may provide insights into the 
roles of cytokine receptors in the central nerv- 
ous system. 
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The SPO11 protein catalyzes the formation of meiotic DNA double strand breaks (DSBs) and 
is homologous to the A subunit of an archaeal topoisomerase (topo VI). Topo VI are heterotetrameric 
enzymes comprising two A and two B subunits; however, no topo VIB involved in meiotic 
recombination had been identified. We characterized a structural homolog of the archaeal topo 
VIB subunit [meiotic topoisomerase VIB-like (MTOPVIB)], which is essential for meiotic DSB 
formation. It forms a complex with the two Arabidopsis thaliana SPO11 orthologs required for meiotic 
DSB formation (SPO11-1 and SPO11-2) and is absolutely required for the formation of the 
SPO11-1/SPO11-2 heterodimer. These findings suggest that the catalytic core complex responsible 
for meiotic DSB formation in eukaryotes adopts a topo VI-like structure. 


eiotic recombination is the key step in 

sexual reproduction leading to the pro- 

duction of haploid gametes and is there- 

fore essential for the fertility of most 

eukaryotes. It is initiated by the induc- 
tion of DNA double strand breaks (DSBs), which 
are catalyzed by the evolutionarily conserved 
SPO11 protein (7). SPOI1 shows sequence sim- 
ilarities to the A subunit of the archaeal type II 
DNA topoisomerase, topoisomerase VI (topo VI) 
(2). Topo VI enzymes relax DNA supercoils by 
cutting both DNA strands of a DNA helix in an 
adenosine 5’-triphosphate (ATP)-dependent man- 
ner, forcing the passage of another DNA duplex 
through the generated break and eventually rel- 
igating the break, regenerating an intact DNA 
molecule (3). Topo VI enzymes are active as 
heterotetramers, composed of two A and two B 
subunits. The two topo VIA subunits carry the 
catalytically active tyrosines and associate as a 
dimer to form the catalytic core of the topo VI 
enzyme (2). The topo VIB subunits contain an 
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ATP-binding domain known as the Bergerat fold, 
which is characteristic of the GHKL (Gyrase, 
HSP90, histidine kinase, MutL) superfamily (2, 4). 
Topo VIB also possess a C-terminal transducer 
domain that transfers the conformational changes 
induced by ATP binding and hydrolysis from the 
GHKL to the catalytic A subunits (5). On the basis 
of the similarity between SPO11 and topo VIA, and 
because SPO1I1 can be purified covalently associ- 
ated with the meiotic DSB ends (6), it was pro- 
posed that at the onset of meiotic recombination, 
SPO11 dimerizes to form the catalytic core respon- 
sible for DNA DSB formation. In Arabidopsis 
thaliana, genetic analyses revealed that two non- 
redundant SPO11 homologs (SPO11-1 and SPO11- 
2) are absolutely required for DSB formation (7-9), 
suggesting that meiotic DSBs are catalyzed by a 
SPO11-1/SPO11-2 heterodimer rather than a homo- 
dimer. Although most eukaryotic lineages possess 
at least one SPOI1 protein, until now no topo VIB 
homolog involved in meiotic recombination had 
been identified. Here, we present the first charac- 
terization of a structural homolog of the archaeal 
topo VIB subunit required for meiotic DSB forma- 
tion. We show that it mediates the formation of 
the SPO11-1/SPO11-2 heterodimer, changing our 
view of the nature of the core complex involved in 
meiotic DSB formation. 

In a screen for A. thaliana mutants with re- 
duced fertility, we identified two allelic lines, 
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Fig. 1. mtopVIB mutants are DSB-deficient. (A and 
B) DAPI staining of meiotic chromosomes during the 
metaphase |/anaphase | transition shows that in (A) 
wild type (Wt), the 10 A. thaliana chromosomes as- 
sociate into five bivalents that align at the metaphase 
plate. (B) In mtopVIB (mtopVIB-2), 10 randomly ar- 
ranged univalents are observed. Scale bar, 10 um. (C and 
D) Co-immunolocalization of the axis protein ASY1 
(green) and the synaptonemal complex transverse 
filament protein ZYP1 (red). (C) In wild-type pachy- 
tene cells, ZYP1 connects the axial element of the 
homologous chromosomes along their whole length, 
as revealed by the perfect colocalization of ZYP1 with 
the axis protein ASY1. (D) In mtopVIB, no ZYP1 staining 
is detected, showing a complete absence of sy- 
napsis (mtopVIB-2). Scale bar, 2 um. (E and F) Co- 
immunolocalization of the meiotic-specific cohesin 
REC8 (red) together with the meiotic specific re- 
combinase DMC1 (green). (E) In wild type (Wt), ~250 
recombination sites are detected by using antibodies 


B mtopVIB 


DMC1 
mtopVIB 


~*~ 


ASY1 
mtopVIB 


H mtopVIB mre11 


against DMC1, whereas (F) none are visible in mtopVIB (mtopVIB-2). Scale bar, 5 um. (G and H) DAPI staining of meiotic chromosomes during the 
metaphase |/anaphase | transition in (G) mre1l-4 (mre11) and (H) mtopVIB-1mre11-4 (mtopV/Bmre11). (G) The mre11 mutant, which is defective in meiotic DSB 
repair, Shows severe chromosome fragmentation at the first meiotic division, but (H) this phenotype is completely abolished in the mtopV/B mutant background. 


Scale bar, 10 um. 


Fig. 2. MTOPVIB forms foci on meiotic chromo- 
somes from leptotene to pachytene. (A to J) Co- 
immunolocalization of the REC8 cohesin (red signal) 
and MTOPVIB (green signal) in [(A) to (F)] wild-type 
Col-O, (G) mtopVIB-2, (H) spol11-1-3, and (I) spoll-2-3 
mutants. (E) DAPI staining is shown in white. The 
MTOPVIB signal was not detected in (A) G2/early 
leptotene cells but forms numerous foci associated 
with the REC8 signal at (B) leptotene, (C) zygotene, 
and (D) pachytene. DAPI staining in (E) reveals five 
nuclei, four of which are not labeled, with either 
REC8 or MTOPVIB (F) showing that MTOPVIB is 
specifically expressed in meiocytes. No MTOPVIB 
signal was seen in (G) meiocytes from the mtopV/B 
mutant, or in (H) the spoll-1 mutant, but (1) foci were 
visible in spo11-2. (J) The number of MTOPVIB foci 
detected in wild type (L/Z, leptotene or early 
zygotene; Z/P, late zygotene or pachytene), in 
mtopVIB (mtopVIB-2), and in spoll mutants (spo11- 
1-3, spoll1-2-2, spoll-2-3, and spol11-2-4). P values 
from an ordinary one-way analysis of variance are 
indicated. ns, not statistically different. ***P < 0.0001. 
Scale bar, 5 wm. 


mtopVIB-1 and mtopVIB-2, that show a quasi- 
sterile phenotype (4% of the wild-type level of 
seeds) (fig. S1, A and B) correlated with male and 
female gamete developmental defects (fig. S1, C 
to E). Staining mtopVIB male meiocyte chromo- 
some spreads with 4’,6-diamidino-2-phenylindole 
(DAPI) showed a considerable reduction in bi- 
valent formation at metaphase I (Fig. 1, A and B, 
and figs. S2 and S3); in wild type, five bivalents 
were observed in 100% of cases (n = 94 cells), 
whereas only univalents were observed in 86% 
of mtopVIB-1 and 100% of mtopVIB-2 meiocytes 
(n = 141 and n = 52 cells, respectively) (fig. $3). In 


940 26 FEBRUARY 2016 + VOL 351 ISSUE 6276 


= 


Foci number 


addition, synapsis of homologous chromosomes 
was completely abolished in mtopVIB (n = 477 cells) 
(Fig. 1, C and D), and no signal above back- 
ground could be detected for the meiotic recom- 
binase DMCI (n = 29 cells) (Fig. 1, E and F). 
Meiotic recombination rates also fell considera- 
bly in mtopVIB, to only a few percent of the wild- 
type level, which is an effect comparable with that 
measured for the spoll-1 mutation (table S1). 
These meiotic defects observed in mtopVIB mu- 
tants could be indicative of either defects in meiotic 
DSB formation (as in spoJ7 mutants) or in DSB 
repair, using the homologous chromosome as the 


repair template (as seen in the dmci mutants) 
(10). To distinguish between these two hypothe- 
ses, we introduced the mtopVIB mutation into 
two DSB-repair-deficient mutants, 7ad51 and mrell 
(11, 12). We observed that the mtopV7B mutation 
suppressed all the fragmentation defects observed 
in these backgrounds (Fig. 1 and fig. S2). Taken 
together, these data show that mtopVIB mutants 
display the same meiotic defects as both spolI-1 (7) 
and spoil-2 mutants (8, 9) and establish an essen- 
tial role for MTOPVIB in meiotic DSB formation. 

Immunolocalized MTOPVIB forms numerous 
foci in meiotic cells from leptotene (172 + 9 foci, 
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Fig. 3. Sequence and model structure of A. thaliana MTOPVIB. (A) Multiple 
sequence alignment of the plant MTOPVIB protein family showing the four con- 
served amino acid regions in MTOPVIB (b1 to b4). Two are in the GHKL domain, 
one is in the small domain, and one is in the transducer domain. Identical amino 
acids are in red. The 19 sequences used for the alignment are listed in the legend 
for fig. SSA. (B) Domain organization of the A. thaliana MTOPVIB and the S. shibatae 
topoisomerase VIB subunit (S. shibatae TOPVIB). Homologous domains are 
shown in the same color: yellow, GHKL domain; orange, Helix-2Turn-Helix (H2TH) 
domain and small domain (SmD); brown, transducer domain; green, C-terminal 
(Cter) domain. The amino acid numbers indicate the domain borders. (C) Pro- 
posed model structure of A. thaliana MTOPVIB and crystal structure of S. shibatae 


B2 


? 
zoom2 


TOPVIB. The four conserved amino acid regions of MTOPVIB are indicated by bl to 
b4 and are in red. On the S. shibatae TOPVIB crystal structure, the three GHKL 
conserved motifs [B1 to B3, as defined in (2)] are indicated in purple. The A-B 
interaction surface of the transducer is indicated in dark blue. Domains are 
color-coded as in (B). For each structure, two different zooms of the GHKL 
domains (dashed boxes) are given. For MTOPVIB and S. shibatae TOPVIB GHKL 
zooms 1, the aspartate and the two glycines of the DxGxG motif (b2 for 
MTOPVIB and B2 for S. shibatae TOPVIB) are represented in small CPK. Zooms 
2 correspond to the ATP-lids, in which the Ca. of the aspartate and glycines of the 
b2 or B2 motif (DxGxG), the single glycine in MTOPVIB, and the glycines of the 
B3 GxxGxG motif of S. shibatae TOPVIB are represented by small spheres. 


mean + SEM, 7 = 30 cells) to pachytene, with a 
slight but significant increase (219 + 11, 2 = 38 cells, 
P = 0.002 unpaired ¢ test) (Fig. 2, A to F and J). 
The MTOPVIB signal was not detected in G2/ 
early leptotene cells or in somatic nuclei (Fig. 2, 
A, E, and F) and only partially colocalized with 
the axis signal. We also examined MTOPVIB foci 
in a series of spol1 mutants characterized by a 
near complete absence of recombination (fig. S3) 
(8, 9). Foci were not detected above the background 
level in spoli-1 mutants but were still present in 
the three different spolI-2 alleles investigated 
(Fig. 2, H to J); because spolI-2 mutants are DSB- 
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defective, this suggests that MTOPVIB foci do not 
mark active DSBs, at least in these backgrounds. 
Whether this is the case in wild type remains to 
be seen. Further, if SPO11-1—but not SPO11-2—is 
essential for MTOPVIB loading onto chromosomes, 
then this is the first evidence of a functional dif- 
ference between SPO11-1 and SPO11-2 during mei- 
otic recombination initiation. 

The MTOPVIB gene (At1g60460) (gene and mu- 
tant molecular characterization are provided 
in fig. S4) encodes a 493-amino-acid protein 
with clear orthologs among the flowering plants 


VIB protein family is characterized by four 
highly conserved motifs (b1 to b4) (Fig. 3A and 
fig. S5A). The MTOPVIB protein sequence has no 
obvious similarity to known functional domains. 
However, HHpred searches using this protein 
family as a query revealed clear structural homol- 
ogy with the two archaeal topo VIB proteins with 
known crystal structures [Szlfolobus shibatae, 
PDB code 2ZBK, probability = 98.5%, expect value 
(E) = 4.2 x 10° and Methanosarcina mazei, PDB 
code 2Q2E, probability = 95.0%, E = 0.0094]. On 
the basis of sequence and structure comparisons, 


(Magnoliophyta) (Fig. 3A and fig, S5A). The MTOP- 


MTOPVIB proteins comprise four domains 
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Fig. 4. MTOPVIB mediates the formation of a SPO11-1/ 
SPO11-2 heterodimer in yeast cells. (A) Schematic 
representation of the full-length (FL) and truncated 
proteins used in this study. MTOPVIB and TOP6B GHKL 
and transducer domains are indicated. SPO11's N-terminal 
WHD and its C-terminal Toprim domains are shown. 
(B) Summary of the yeast two-hybrid assay results. 


Detailed results are given in fig. S7A. “++" indicates 
growth on SD-LWHA medium for at least one of the 
combinations tested. “+” indicates growth on SD-LWH 
medium for at least one of the combinations tested. 
" indicates that none of the combinations tested 
confer auxotrophy. Gray boxes indicate the interaction 
was not tested. (C) Summary of the yeast three- 
hybrid assay results. Detailed results are given in fig. S7C. 
Interactions among FL SPO11 proteins were tested by 
using the GAL4-based system (Supplementary materials, 
materials and methods) in the presence or absence of 
one of the A. thaliana topo VIB subunits (light gray boxes, 
MTOPVIB; dark gray boxes, somatic TOP6B; white boxes, 
no B subunit). “—” indicates no growth on SD-LWHA, and 
“+” indicates growth on SD-LWHA. 


Fig. 5. MTOPVIB mediates the formation of a SPO11-1/ 
SPO11-2 heterodimer in plant cells. (A and B) Single- 
section confocal images of N. benthamiana epidermal cells 
constitutively expressing a fluorescent nuclear protein [H2B-— 
cyan fluorescent protein (CFP), blue channel], co-infiltrated 
with Agrobacterium cultures expressing two complementary 
YFP [N-terminal (YFP) or C-terminal (YFP°)] fusions. A YFP 
fluorescence signal (right panel in each pair, green) reveals 
an interaction between the two tested fusion proteins. The 
full list of combinations tested is in fig. S7D. All images 
correspond to merged signals of chloroplast autofluor- 
escence (red) with either the CFP signal (blue) or the YFP 
signal (green). Scale bar, 50 um. (A) MTOPVIB interacts 
with SPO11-1 (left) and SPO11-2 (right) in N. benthamiana 
epidermal cells. (B) SPO11-1 and SPO11-2 do not interact in 
N. benthamiana epidermal cells except if MTOPVIB is co- 
expressed with the split-YFP SPO11 constructs. 
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(Fig. 3B and fig. S5B). Overall, the structure of 
the first domain, the GHKL/Bergerat fold, is 
highly conserved (Fig. 3C). Among the motifs that 
constitute the GHKL signatures (Fig. 3C and fig. 
S5B) (2), two correspond to MTOPVIB motifs bl and 
b2 and include the conserved B2 motif DxGxG, 
which is important for ATP-binding (13). How- 
ever, the glycine-rich Bergerat fold motif B3 lo- 


942 26 FEBRUARY 2016 « VOL 351 ISSUE 6276 


calized in the ATP-lid is poorly conserved, and 
only the first glycine of this motif is present (Fig. 
8C and figs. S5B and S6C), suggesting that the 
ATP hydrolysis mechanism could be different in 
MTOPVIB. The second MTOPVIB domain is a 
small domain (SmD), the borders of which are 
more difficult to define, and structural similarity 
with the archaea topo VIB H2TH domain is low 


(Fig. 3 and figs. S5B and S6A). The third domain 
is the transducer domain. This long o-helix struc- 
ture is shorter than in the topo VIB subunits but 
still very well conserved (Fig. 3C and fig. S6, A 
and D). This domain contains the strictly con- 
served W (dWxxY motif) and another conserved 
region (b4) (Fig. 3), which are both present in the 
topo VIB family (fig. S5B). The most conserved 
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region (b4) in the MTOPVIB transducer domain 
corresponds to the region of interaction between 
the A and B subunits of the topo VI heterotetra- 
mer (Fig. 3 and fig. S5B) (14). Last, the MTOPVIB 
C-terminal extension is different from those found 
in some topo VIB proteins (10). 

The similarity of SPO11s to the archaeal topo 
VIA and of MTOPVIB to the topo VIB, together 
with their requirement in meiotic DSB formation, 
prompted us to investigate whether these proteins 
could associate into a topo VI-like complex. The 
combination of yeast two-hybrid and bimolecular 
fluorescence complementation [BiFC, or Split- 
yellow fluorescent protein (YFP)] (15) assays 
revealed that MTOPVIB interacts directly with 
the winged-helix domain (WHD)-containing N- 
terminal regions of both SPO11-1 and SPO11-2 
(Figs. 4B and 5A and fig. S7). The last 149 amino 
acids of MTOPVIB (MTOPVIB******) (Fig. 4A) are 
sufficient to establish the interaction with the N- 
terminal regions of SPO11-1 and SPO11-2 (Fig. 4B 
and fig. S7), which is in agreement with the known 
topo VI structure (figs. S5B and S6D) (/4, 16). The 
topo VI structure also predicts that the two A 
subunits should self-associate, but such a direct 
interaction between SPO1I proteins was not found 
in either yeast two-hybrid or BiFC assays (Figs. 
4C and 5B and fig. S7C) (8). However, coexpres- 
sion of MTOPVIB in both yeast triple-hybrid and 
BiFC assays showed that it mediates SPO11 he- 
terodimerization (Figs. 4C and 5B and fig. S7C). 
MTOPVIB could only mediate the interaction be- 
tween SPO1I1-1 and SPO11-2 but did not facilitate 
the formation of either SPO11-1 or SPO11-2 homo- 
dimers (Fig. 4C and fig. S7, C and D). Thus, we 
propose that the catalytic complex required for 
meiotic DSB formation adopts a structure compa- 
rable with that of the archaeal topo VI complex, 
involving two MTOPVIB subunits and the two 
SPOI1 subunits. Searches for MTOPVIB ortho- 
logs outside flowering plants identified the pres- 
ence of functionally and structurally conserved 
homologs in distant phyla (17), suggesting that 
the requirement for a topo VI-like complex for 
meiotic DSB formation is a common feature among 
eukaryotes. 

All eukaryotic genomes encode at least one 
meiotic topo VIA-like protein—SPO11—but plant 
genomes are also one of the rare eukaryotic ge- 
nomes to encode a topo VIB subunit homolog, 
TOP6B/TOPVIB (3, 18). A. thaliana top6B mutants 
have strong pleiotropic phenotypes that exclusively 
affect somatic development but not meiosis (79-27). 
These phenotypes are indistinguishable from spoII- 
3 mutants, which are disrupted in the third SPO1I 
homolog found in the Arabidopsis genome (19-2). 
It is therefore likely that SPO11-3 and TOP6B are 
two subunits of an A. thaliana somatic topo VI 
complex. In further yeast two-hybrid assays, we 
found that MTOPVIB interacts with the somatic 
topo VIA subunit SPO11-3, but that the somatic B 
subunit TOP6B cannot interact with either meiotic 
SPOII-1 or SPO11-2 (Fig. 4B) or mediate the for- 
mation of the SPO11-1/SPO11-2 meiotic catalytic 
heterodimer (Fig. 4C). This points toward an im- 
portant role for the interacting surfaces of the A 
subunits in conferring specificity to interactions 
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between the two A. thaliana topo VI complexes. 
In addition, we found that in contrast to the 
meiotic A. thaliana SPO11 homologs, SPO11-3 
self-associates in yeast two-hybrid assays without 
the need for a topo VIB-like subunit (Fig. 4C), as 
is the case for the archaeal topo VI complexes, in 
which the A subunits self-associate (22). 

Future studies will further characterize the 
biochemical activity of the meiotic DSB catalytic 
complex and examine how it compares in detail 
with classical topo VI. However, we have clearly 
shown that the meiotic topo VIB subunit has ac- 
quired a crucial role in mediating the assembly of 
the catalytic portion of the meiotic complex. Com- 
pared with the original archaeal topo VI, this rep- 
resents an additional regulatory capacity, which 
may be crucial for avoiding erratic DSB forma- 
tion in gamete mother cells. 
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MEIOSIS 


The TopoVIB-Like protein family 
is required for meiotic DNA 
double-strand break formation 


T. Robert,’ A. Nore,’ C. Brun,’ C. Maffre,’ B. Crimi,’ H.-M. Bourbon,”* B. de Massy’* 


Meiotic recombination is induced by the formation of DNA double-strand breaks (DSBs) 
catalyzed by SPO11, the ortholog of subunit A of TopoV!I DNA topoisomerase (TopoVIA). TopoVI 
activity requires the interaction between A and B subunits. We identified a conserved family 
of plant and animal proteins [the TOPOVIB-Like (TOPOVIBL) family] that share strong 
structural similarity to the TopoVIB subunit of TopoVI DNA topoisomerase. We further 
characterize the meiotic recombination proteins Recl02 (Saccharomyces cerevisiae), Rec6 
(Schizosaccharomyces pombe), and MEI-P22 (Drosophila melanogaster) as homologs to the 
transducer domain of TopoVIB. We demonstrate that the mouse TOPOVIBL protein interacts 
and forms a complex with SPO11 and is required for meiotic DSB formation. We conclude 
that meiotic DSBs are catalyzed by a complex involving SPO11 and TOPOVIBL. 


exual reproduction involves the formation 
of haploid gametes through a specialized 
cell cycle called meiosis. In most species, 
proper chromosome segregation at the 
first meiotic division requires connections 
between homologous chromosomes mediated by 
meiotic recombination. Meiotic recombination is 
initiated by programmed double-strand break 
(DSB) induction at the beginning of meiotic pro- 
phase and involves several evolutionarily con- 


served genes (1), including Spoll. This gene encodes 
a protein predicted to catalyze DSB formation, 
on the basis of two observations: (i) the similarity 
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Fig. 1. TopoVIBL contains the conserved motifs and structure of the GHKL domain. (A) GHKL 
domain conservation among the B subunits of type IIB topoisomerases. Images show alignment of the 
sequences of the archaeal S. shibatae (Sulf) and Methanosarcina mazei (Meth) TopoVIB ATPase domains 
with their plant and mammalian TopoVIBL counterparts. AtMTOPVIB: A. thaliana; Os: Oryza sativa; Hs: 
Homo sapiens Cllorf80; MmTOPOVIBL: M. musculus Gm960 product. The secondary structural elements 
of SulffopoVIB (Protein Data Bank ID: 2zbk_B) are shown above the alignment. The four core elements of 
the ATP-binding Bergerat fold (11) are indicated by red dashed boxes. Fully conserved amino acid residues 
are depicted in white on a red background, whereas partially conserved residues are in bold within yellow 
boxes (18). (B) Comparison of the models of the mouse TOPOVIBL GHKL and transducer domain 
structures with the S. shibatae TopoVIB structure from which they were derived. Orange, B strands; blue, « 
helices; pink, ATP lid; green, switch loops; red, helical regions predicted to interact with mouse SPO11. 


between SPO11 and the catalytic subunit of the 
TopoVI family of type II DNA topoisomerases 
(TopoVIA), including the presence of an es- 
sential and conserved tyrosine involved in the 
transesterification reaction for DNA break for- 
mation (2), and (ii) the detection of covalent 
SPOII-DNA intermediates in meiotic cells (3, 4). 
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TopoVI belongs to the type IIB family of topo- 
isomerases, and its activity promotes relaxation 
of negative and positive supercoiled DNA and 
DNA decatenation through cleavage and ligation 
cycles (5, 6). TopoVI is composed of two subunits (A 
and B) that form a heterotetramer. Subunit B 
(TopoVIB) contains an adenosine triphosphate 


(ATP) binding domain and a transducer domain 
that communicates with the ATP binding site 
and interacts with TopoVIA (7, 8). DNA cleavage 
by TopoVI requires both subunits and ATP bind- 
ing (9). Subunit B, through ATP binding and hy- 
drolysis, is involved in the conformational change 
of the complex and regulates the interaction be- 
tween TopoVIA and TopoVIB homodimers for 
strand passage. The specific properties of this 
complex mechanism that are conserved in SPOII- 
catalyzed DSB formation remain unknown. More- 
over, whether SPO11 functions alone or through 
association with another subunit has remained 
an open question for the past 18 years. 


A conserved family of 
TopoVIB-Like proteins 


While searching for a mammalian ortholog of 
the MTOPVIB gene, which is required for meiotic 
DSB formation in Arabidopsis thaliana (10), we 
identified a family of proteins sharing similarity 
with TopoVIB from archaea to chordates. Specif- 
ically, we performed PSI-BLAST (Position-Specific 
Iterative Basic Local Alignment Search Tool) searches, 
using A. thaliana MTOPVIB (AtMTOPVIB) as a 
query, to identify the product of the mouse gene 
Gm960 (homolog of human Cllorf80) that has 
four small regions displaying strong similarity to 
AtMTOPVIB (fig. SIA). Further alignments along 
full-length plant and mammalian proteins (fig. 
SIB) and analysis using HHpred (http://toolkit. 
tuebingen.mpg.de/hhpred) for detecting struc- 
tural conservation enabled us to identify archaeal 
TopoVIB members with high significance (P = 
99.1%, Expect value E = 3.4 x 10° for Sulfolobus 
shibatae). We named this protein family TopoVIB- 
Like (TopoVIBL), with plant and animal (chordates, 
ascidians, mollusks, and sea urchins) members 
(fig. S2) qualified on the basis of the conserva- 
tion of the main TopoVIB domains: the GHKL 
domain (Bergerat fold), found in the GHKL 
(Gyrase, Hsp90, Histidine kinase, MutL) super- 
family of adenosine triphosphatases (ATPases) 
(1D), and the transducer domain (7, 8) (Figs. 1 and 
2 and fig. SIC). Despite an overall low level of 
identity and similarity [11 and 19%, respectively, 
between Mus musculus TOPOVIBL (encoded by 
Gm960, hereafter named Top6bl) and S. shibatae 
TopoVIB over 140 residues], key motifs (N box and 
the Gl, G2, and G3 glycine-containing motifs) 
were identified within the GHKL domain, and 
the predicted secondary structure was conserved 
(Fig. 1A and fig. S3A). The Bergerat fold motifs 
play an important role in coordinating interac- 
tion with Mg”* ions and with ATP; additionally, 
these motifs provide flexibility to the structure 
for ATP binding. On the basis of protein align- 
ments, we predicted the structure of mouse 
TOPOVIBL that shares strong similarity with 
that of S. shibatae TopoVIB (Fig. 1B and fig. S3B) 
[root mean square deviation (RMSD) = 1.75 A over 
140 Ca atoms]. Comparison of the two struc- 
tures highlighted the conservation of the ATP lid 
(a flexible loop that coordinates ATP binding), 
including a poorly conserved G2 motif. Some 
TopoVIB structural elements—such as the N- 
terminal helix (involved in dimerization) and 
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helix «3 (12)—were not detected in the TopoVIBL 
family, suggesting potential differences in the ac- 
tivity of the GHKL domain. 

The transducer domain in the C-terminal 
region of TopoVIBL proteins also displayed 
marked similarity (conserved motifs or residues 
and structural elements) to that of TopoVIB, 
despite an overall high level of sequence di- 
vergence (11% identity and 22% similarity 
between mouse TOPOVIBL and S. shibatae 
TopoVIB over 206 residues) (Fig. 2A and fig. 
S4A). In particular, we detected stronger con- 
servation at a motif that we named WOC (for 
WKxyY-containing octapeptide) and over the C- 
terminal helices a11 and «12 that, in TopoVIB, 
interact with TopoVIA (7, 8) (Fig. 2, A and B). A 
flexible loop was also predicted on the modeled 
structure of mouse TOPOVIBL in the region 
corresponding to the switch loop of TopoVIB 
that interacts with ATP bound to the GHKL do- 
main, thus regulating phosphate release and 
complex conformation (12) (fig. S4B) (RMSD = 
1.78 A over 206 Co, atoms). The overall organiza- 
tion of the GHKL and transducer domains (the 
two primary domains of mouse TOPOVIBL) in- 
dicates that this protein shares structural simi- 
larity with S. shibatae TopoVIB, except for the 
intermediate helix-two turns-helix (H2TH) do- 
main with unknown function (fig. $5, A and B). 
We also detected strong divergence at the C 
terminus of the proteins (C-terminal domain; see 
fig. SIB) after the two conserved helices of the 
transducer domain, with extensions of variable 
length among species. 

Further PSI-BLAST searches for homologs in 
fungi led us to the identification of a predicted 
protein from the glomerale Rhizophagus irreg- 
ularis, with conserved motifs overlapping the 
WOC motif and counterparts of archaeal B strand 
14, as well as helices o11 and «12 described above, 
but without an obvious GHKL domain (fig. S6, 
A and B). The glomerale protein was then incor- 
porated in a series of PSI-BLAST searches that 
identified fungal homologs in mucorales, basidio- 
mycetes, and ascomycetes [including Saccharomyces 
cerevisiae (Recl02) and Schizosaccharomyces pombe 
(Rec6)], which contained the WOC motif, the 
switch loop, and the oll and a12 helices (Fig. 
2A and figs. S7, A and C, and S8). Recl02 and 
Rec6 (new annotation in fig. S7B) are required 
for meiotic DSB formation (7) and physically 
interact with Spoll (13-15). This interaction is 
supported by the predicted structure of the Recl02- 
Spoll complex (Fig. 2B). Additional PSI-BLAST 
searches and secondary structure predictions 
enabled detection of significant structural ho- 
mologies between the TopoVIBL transducer do- 
main and the evolutionarily conserved C-terminal 
region of Drosophila melanogaster MEI-P22 (fig. 
$9), which is also required for meiotic DSB 
formation (16). The absence of a detectable GHKL- 
type ATPase domain in fungal and insect ho- 
mologs indicates that an alternative protein 
substitutes for this domain or that the mo- 
lecular mechanism of DSB formation displays 
distinct properties in these species. Overall, struc- 
tural modeling predicts an interaction between 
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Fig. 2. The transducer domain of TopoVIBL and its interaction with Spoll are widely conserved. 
(A) Transducer domain conservation. Images show alignment of the sequences of the long a-helical regions 
of archaeal TopoVIB transducer domains with their plant, fungal, and metazoan TopoVIBL counterparts. The 
secondary structural elements of SulffopoVIB are shown above the alignment. The positions of the conserved 
WOC motif and the switch loop are indicated. Black ovals indicate the S. shibatae residues involved in the in- 
teraction with SulffopoVIA. Zm, Zea mays; Ri, R. irregularis; Sp, S. pombe; Sc, S. cerevisiae; Dm, D. melanogaster; 
Spu, Strongylocentrotus purpuratus; Dr, Danio rerio. Other abbreviations and symbols are as in Fig. 1. (B) Com- 
parison of the archaeal TopoVIA-B heterodimer structure (left) to mouse TOPOVIBL-SPO1Ip (middle) and 
yeast Recl02-Spoll (right) models. Green, GHKL domain; red, transducer domain; blue, Topo VIA/Spoll. 


TopoVIBL and SPO11 to form a heterodimer 
(Fig. 2B), and potentially a heterotetramer, for 
DSB formation. 


Mouse TOPOVIBL and SPO1]1 interact 


The conserved features and the structure analy- 
ses presented above predict that TOPOVIBL in- 
teracts directly with SPO11. In mice, there are two 
major SPO11 splice variants (a and B). SPO11B 


contains an additional 38 amino acids in the 
N terminus that correspond to the TopoVIA re- 
gion interacting with TopoVIB (7, 8). Analysis of 
mice expressing only SpolIB showed that this 
isoform is proficient in meiotic DSB formation 
(17). Using the yeast two-hybrid assay, we found 
that mouse TOPOVIBL interacts with SPO11B but 
not with SPOlla. This highlights the essential 
role of the aforementioned SPO11B 38-amino 
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Fig. 3. Mouse TOPOVIBL inter- 
acts with SPO11 and is 
expressed in testis upon entry 
into meiosis. (A) TOPOVIBL 
C-terminal region interacts with 
SPO118 in a yeast two-hybrid 
assay. TOPOVIBL and SPO11 were 
fused to Gal4AD (AD) and Gal4BD 
(BD), respectively. The 38 residues 
specific to SPO11B are shown in 
orange, and the positions of the 
GHKL and transducer domains are 
indicated above full-length 
TOPOVIBL. — denotes no interac- 
tion; + indicates interaction. Aa, 
amino acids. (B) TOPOVIBL and 
SPO118 form a soluble complex of 
150 to 250 kDa. (Top panels) His¢- 
TOPOVIBL and SPO118 or SPO11a, 
as well as Hisg-Flag-TOPOVIBL and 
SPO11, were coexpressed in E. coli 
and affinity-purified. P, pellet; 

Sn, supernatant; E, nickel nitrilotri- 
acetic acid (NiNTA) elution; (E), con- 
centrated NiNTA elution; FT, 
flow-through; E’, Flag elution. 
(Bottom panel) Hisg-Flag-TOPOVIBL 
and SPO11p were affinity-purified, 
and proteins were analyzed by gel 
filtration chromatography. Anti-His or 
anti-SPO11 antibodies were used for 
detections. (C) Top6b/ expression by 
RT-PCR using RNA extracted from 
various adult mouse tissues. Control, 
sample without RNA; RT with (+) or 
without (—) reverse transcriptase. 
Actin was used as a positive control 
of PCR amplification (bottom panel). 
(D) RT-PCR analysis of Top6b!/ (top 
panel) and Spol1p and Spolla (mid- 
dle panel) in RNA from testes of mice 
at various ages (4 to 30 dpp). 
(Bottom panel) Controls were as in (C). 
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acid region, which overlaps with the N-terminal 
o. helix, in such interaction. By deletion analysis, 
we also determined that the TOPOVIBL C-terminal 
region, which includes the transducer domain, is 
involved in the interaction (Fig. 3A and figs. S10 
and S11). Moreover, coexpression of TOPOVIBL 
and SPO11 in Escherichia coli suggested the 
formation of a complex. Affinity purification 
of His-tagged TOPOVIBL allowed the copurifica- 
tion of TOPOVIBL with SPO11p but not with 
SPOlla and was dependent on the presence of 
the tag used (Fig. 3B, top panels). Furthermore, 
upon gel filtration chromatography and glycerol 
gradient sedimentation, the size of the complex 
including TOPOVIBL and SPO118 was estimated 
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at 150 to 250 kDa, compatible with the assembly 
of a heterotetramer (217 kDa) (Fig. 3B, bottom 
panel, and fig. S12). 


Top6bI is required for meiotic 
DSB formation 


To evaluate Top6b/ biological function during 
meiosis, we first assessed its expression in tis- 
sues from adult mice. Top6b/ was expressed in 
testis but not in other tissues (Fig. 3C and fig. 
$13A). The temporal expression profile of genes 
during meiosis can be determined by taking ad- 
vantage of the synchronous first wave of entry of 
spermatogonia into meiosis, which takes place 
~8 days postpartum (dpp). Spermatocytes then 


Actin control 


progress into meiotic prophase from 10 to 20 dpp 
and reach the first meiotic division around 21 dpp. 
Top6bl expression could not be detected in testis 
RNA from mice on 4 and 6 dpp but only from 
8 dpp onward, with a peak of expression around 12 
to 14 dpp, at the beginning of meiotic prophase. 
This temporal pattern is similar to that of SpolIB 
expression (Fig. 3D). In female mice, Top6bl tran- 
scripts were detected in embryonic ovaries when 
oocytes proceeded through meiotic prophase 
(fig. S13B). Sequencing of the reverse transcription 
polymerase chain reaction (RT-PCR) products led 
us to revise the annotation of the mouse reference 
genome, yielding a protein of 579 amino acids and 
63.8 kDa (fig. S14). 
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To investigate whether Top6b/ has a role in 
meiotic DSB formation in mice, we generated point 
mutations in exon 9 of the Top6bl gene by means 
of CRISPR-Cas9 DSB targeting. Upon deletion or 
insertion, this led to a frameshift and a potential 
truncated protein of 279 amino acids without the 
transducer domain (J8) (fig. S15). Male Top6bl’ > 
mice developed normally and reached adulthood 
but had smaller testes compared with wild-type 
(WT) mice (table S1). No phenotypic alteration could 
be detected in heterozygous Top6bl” mice. His- 
tological analysis of Top6bl’~ testis sections 
showed that spermatogenesis was disrupted in 
most seminiferous tubules. Spermatogonia were 
present at the periphery of tubules like in WT 
mice; however, spermatocytes were strongly de- 
pleted and spermatids could not be detected, sug- 
gesting a defect during meiotic prophase (Fig. 4A). 

To more precisely identify the meiotic defect, 
we monitored meiotic prophase by immunocyto- 
chemical analysis of spread spermatocytes using 
various markers to detect potential alterations in 
DSB formation or repair. Based on the phenotypes 
of Spoll mutant mice (19, 20), defects in DSB for- 
mation have several consequences during pro- 
phase, particularly the reduction of phosphorylated 
H2AFX (yH2AFX) due to defective ATM kinase 
activation. The lack of DSBs also results in de- 
fective loading of DSB repair proteins (such as 
RPA and DMC1 that bind to single-stranded DNA 
present on processed DSB ends), as well as a de- 
fect in homologous synapsis (21). Top6bl~ sper- 
matocytes at leptotene- and zygotene-like stages 
showed reduced yH2AFX levels and undetecta- 
ble RPA foci, consistent with a deficiency in DSB 
formation (Fig. 5A and fig. SI6B). The nuclear 
localization of yH2AFX was also altered. In 
Top6bl’— spermatocytes, yH2AFX did not accu- 
mulate specifically around the sex chromosomes 
but instead was enriched in subdomains (Fig. 5A) 
that could correspond to unsynapsed axes. Moni- 
toring the loading of SYCP1, a component of the 
central element of the synaptonemal complex, 
indicated that synapsis formation was strongly 
altered in Top6bl ’ ia spermatocytes. Many chromo- 
somes remained unsynapsed, and the axes con- 
taining synapsed stretches were often involved 
in interactions with several partners, suggesting 
interactions between nonhomologous chromo- 
somes (Fig. 5B and fig. S16A). The presence of 
unsynapsed chromosomes is known to trigger 
the MSUC (meiotic silencing of unsynapsed chro- 
matin) response, which leads to accumulation of 
yH2AFX on unsynapsed axes, even in the ab- 
sence of meiotic DSB formation (22, 23), which 
is thus compatible with the detection of residual 
yH2AFX in Tc op6bl’— spermatocytes. Similar de- 
fects in DSB and homologous synapsis formation 
were observed in a Top6bl’”~ mutant generated 
independently (78) (founder 53614, figs. S15 and 
817). To evaluate progression into meiotic pro- 
phase, we determined the expression of the testis- 
specific histone H1 variant (H1t) that is normally 
detected from mid-pachytene. Top6bl’”~ sperma- 
tocytes were devoid of or showed only low Hit 
expression, indicating failure to progress through 
prophase and arrest before or at mid-pachytene 
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Fig. 4. Top6bl is essential for spermatocyte and oocyte 
development. (A) Periodic acid—Schiff staining of testis 
sections from WT (+/+) and Top6bI-”~ (—/-) mice (n = 2 


animals) at 30 dpp. (B) Hematoxylin and eosin staining of 
ovary sections from WT (+/+) (n= 1) and Top6bl'” (-/-) (n = 4) mice at 30 dpp. PF, primordial follicles; 
PriF, primary follicles; GF, growing follicles. (©) Mean number with SD of primordial follicles, primary 
follicles, and growing follicles in Top6b/*”* (n = 1) (gray bars), Top6bl*”~ (n = 1) (white bars), and Top6bl-”~ 


(n = 4) (black bars) ovaries at 30 dpp. Top6bI*”* and 


Top6bl*”~ were not significantly different (z test, P > 


0.05), whereas Top6bI*”* and Top6bI’”~ were statistically different (z test, P < 0.0002). 


(fig. S18). This finding also provides a possible ex- 
planation for the lack of late spermatocytes and 
later stages in testis sections (Fig. 4A). Notably, 
all phenotypes observed in Top6bl~~ sperma- 
tocytes are those predicted for a DSB formation 
defect and are identical to those reported in 
Spoll/ ~ mice (19,20). DSB formation also re- 
quires Mei] and Mei4, which may act indirectly 
on Spoil activity through unknown mechanisms 
(24). MEI4 localization on chromosome axes is 
Meii-dependent and is correlated and required 
for efficient DSB activity (25, 26). As MEI4: local- 
ization was similar in Top6bl’”~ and WT mice at 
leptotene (Fig. 5C), we could exclude the hypo- 
thesis that Top6bl indirectly affects DSB for- 
mation by altering MEI4 localization. Moreover, 
in Top6bl”~ spermatocytes at zygotene-like stages, 
MEI4 foci were persistent, as in SpolI”~ sperma- 
tocytes but unlike in WT spermatocytes, where 
they disappear upon DSB formation (26). MEI4: 
persistence in Top6bl’~ spermatocytes thus pro- 
vides additional independent evidence for the lack 
of DSB formation. Finally, histological analysis of 
ovaries from Top6bl’~ females at 30 dpp showed 
that they were largely depleted of primordial and 


primary follicles compared with WT ovaries (Fig. 
4, B and C). We therefore conclude that Top60l is 
required for meiotic DSB formation during male 
and female meiosis. 

As evidenced by our study and the one per- 
formed on A. thaliana (10), the conserved structure 
and function of TOPOVIBL proteins demonstrate 
the notable evolutionary and biochemical relation- 
ship between the type IIB family of topoisomerases 
and meiotic DSB activity. On the basis of the phy- 
logeny of several meiotic functions, it has become 
clear that sexual reproduction and meiosis have 
evolved very early during eukaryote evolution 
(27). As proposed for SPO11, the TOPOVIB family 
could also have expanded and diversified by gene 
duplication (28). Moreover, the presence of a 
TOPOVIBL subunit that interacts with SPO11 
dramatically changes our view of how the bio- 
chemical step of DSB formation may work: In 
TopoVI, the B subunit is involved in strand pas- 
sage and controlling dimer interfaces (29, 30). 
Although the involvement of a second DNA duplex 
is not expected for a SPO11-induced cleavage, 
the TOPOVIBL subunit may be involved in the 
regulation of DNA cleavage, through the direct 
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Fig. 5. Top6bl is required 
for meiotic DSB formation. 
(A) Immunocytochemical 
analysis with anti-yH2AFX, 
anti-SYCP3, and anti-RPA 
antibodies of spread sper- 
matocytes from WT (+/+) 
and Top6bI-“~ (—/-) mice 

(n = 2) at 30 dpp. Merged 
images of anti-SYCP3 and 
anti-RPA staining are shown. 
Scale bars, 10 um. DAPI, 4’,6- 
diamidino-2-phenylindole. 
(B) Immunocytochemical 
analysis with anti-SYCP3 and 
anti-SYCP1 antibodies of 
spread spermatocytes from 
(+/+) and (—/-) mice (n = 2) 
at 30 dpp. Scale bars, 10 um. 
(C) Immunocytochemical 
analysis with anti-SYCP3 and 
anti-MEI4 antibodies of 
spread spermatocytes from 
(+/+) and (—/-) mice (n = 2) 
at 30 dpp. Scale bars, 10 um. 
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interaction between the transducer domain and 
SPO11. The GHKL domain may be involved in 
the stabilization of the complex upon DNA cleav- 
age, which could allow the reversibility of the 
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reaction. However, SPO11 monomers may not 
need to be stably interacting upon DSB forma- 
tion, and TOPOVIBL proteins that lack the GHKL 
domain, as observed in yeasts and Drosophila, may 


have lost the ability to maintain the complex 
upon DNA cleavage. As opposed to a Topoll- 
induced DNA cleavage, the challenge for SPO11- 
induced breaks is to be properly engaged in DSB 
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repair by homologous recombination for main- 
tenance of the stability of the genome, which 
also requires the coordinated involvement of 
several additional partners. 
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ORGANIC LEWIS ACIDS 


Asymmetric Lewis acid 
organocatalysis of the Diels-Alder 
reaction by a silylated C-H acid 


Tim Gatzenmeier,* Manuel van Gemmeren,* Youwei Xie, Denis Hofler, 


Markus Leutzsch, Benjamin Listt 


Silylium ion equivalents have shown promise as Lewis acid catalysts for a range of 
important C—C bond-forming reactions. Here we describe chiral C—H acids that upon in 
situ silylation, generate silylium-carbanion pairs, which are extremely active Lewis acid 
catalysts for enantioselective Diels—Alder reactions of cinnamates with cyclopentadiene. 
Enantiomeric ratios of up to 97:3 and diastereomeric ratios of more than 20:1 are observed 
across a diverse set of substitution patterns with 1 mole percent (mol %) of C-H acid 
catalyst and 10 mol % of a silylating reagent. The results show promise for broad applications 
of such C-H acid-—derived silylium ion equivalents in asymmetric Lewis acid catalysis. 


ewis acid catalysis enables key reactions in 

chemical synthesis, such as the Diels-Alder, 

Friedel-Crafts, and various aldol, Mannich, 

and Michael reactions. Consequently, sub- 

stantial efforts have been directed toward 
enantiopure Lewis acids, which have enabled im- 
portant asymmetric variations of such reactions 
(1, 2). Despite the plethora of elegant catalysts 
and methodologies developed in this context, a 
key limitation of enantioselective Lewis acid ca- 
talysis is the frequent need for relatively high 
catalyst loadings, which result from issues such 
as insufficient Lewis acidity (keeping some sub- 
strate classes completely out of reach), product 
inhibition, hydrolytic instability, and the compe- 
tition with nonenantioselective background ca- 
talysis (3, 4). With respect to these issues, we are 
now envisioning an alternative approach to asym- 
metric Lewis acid catalysis (Fig. 1). Conventional 
chiral Lewis acids typically consist of a metal 
(oid) complex with chiral ligands or substituents 
(5-9). Their activity can often be increased by 
rendering the complexes cationic and combining 
them with weakly coordinating, achiral counter- 
anions. By inverting the chiral entities within 
the ion pair, a conceptually different strategy 
results. 

We have recently developed in situ silylated 
disulfonimide Lewis acid organocatalysts for 
highly enantioselective Mukaiyama-type reactions 
involving silylated nucleophiles with catalyst 
loadings as low as 10 parts per million (ppm) 
(10-15). As an example of asymmetric counteranion- 
directed catalysis (ACDC) (16-19), these reactions 
proceed via silylation of an electrophile, generat- 
ing a cationic reactive species that ion pairs with 
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an enantiopure counteranion and reacts with a 
silylated nucleophile. We became interested in ex- 
panding this silylium ion-ACDC to, in principle, 
all types of Lewis acid-catalyzed reactions, in- 
cluding those that do not involve stoichiometric 
amounts of silylated reagents. We hypothesized 
that the use of a suitable enantiopure precata- 
lyst and a catalytic amount of a silylating reagent 
should effect the formation of a catalytically 
competent silylium ion equivalent. If successful, 
silylium ion-ACDC, catalytic in silicon, would 
provide an efficient approach to alleviating chal- 
lenges in modern asymmetric Lewis acid catal- 
ysis. Here we report the realization of this idea. 
We have developed chiral C-H acids that, upon in 
situ silylation, become extremely active Lewis acid 
catalysts for highly enantioselective Diels-Alder 
reactions of cinnamates with cyclopentadiene. 

Enantioselective Diels-Alder reactions of a,p- 
unsaturated ester dienophiles are generally chal- 
lenging, and only a few have been reported. For 
example, Ghosez applied chiral silylium ion equiv- 
alents in combination with triflimide as achiral 
counteranion to catalyze Diels-Alder reactions of 
o,B-unsaturated esters with moderate enantio- 
selectivity (6, 7). Corey has reported that triflimide- 
activated chiral oxazaborolidine Lewis acids (8, 9) 
give excellent results with acrylates and crotonates 
as dienophiles. Cinnamates, with their highly con- 
jugated r-electron system, represent an even more 
challenging substrate class for asymmetric Diels- 
Alder reactions, and in a reported example, ac- 
tivated trifluoroethyl cinnamate required 20 mole 
percent (mol %) of the protonated oxazaboroli- 
dine catalyst to react (9, 20). 

Given the superb reactivity observed in silylium 
ion-ACDC in Mukaiyama-type reactions (JO, 13), 
we were curious to explore if our strategy would 
also be suitable for the activation of cinnamates 
in enantioselective Diels-Alder reactions. We antic- 
ipated that a highly Bronsted-acidic precatalyst 
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would be activated in situ with a catalytic amount 
of a silylating reagent such as a silyl ketene acetal. 
The resulting silylium ion equivalent would then 
activate the cinnamate, while he chiral counter- 
anion would induce the enantioselectivity. 

We began our studies by exploring various pre- 
viously developed chiral disulfonimide precatalysts 
in the reaction of cinnamate la with cyclopenta- 
diene 2 (Fig. 2A). Disappointingly, their observed 
high activity was insufficient toward this substrate 
class, indicating that catalysts of even higher Lewis 
acidity would be required (see table S3 for fur- 
ther details). Inspired by the activity trends known 
for achiral silylium ion equivalents in solution 
(Fig. 2B), which indicate that the use of a carbon- 
centered counteranion leads to higher Lewis acid- 
ities (21), we became interested in developing 
chiral, enantiopure C-H acids as precatalysts. 
After considerable synthetic efforts, we accessed 
compounds of sufficient C-H acidity and could 


identify binaphthyl-allyl-tetrasulfones (BALTs) 


Conventional approaches to enantioselective 
Lewis acid catalysis: 


™ chirality directly attached to Lewis acid 


=™ complexation between chiral catalyst and 
substrate 


™ achiral counteranion present, 
if Lewis acid is cationic R 


*L,M,_@ 
nO (So) 


ge - io ; 


as promising candidates for the enantioselective 
catalysis of our target reaction (Fig. 2C). These 
catalysts were designed based on the notion 
that the Lewis acidity of the silylium ion equiva- 
lent should increase on rendering the catalyst- 
derived counteranion less Lewis basic. This goal 
was achieved by exploiting the principle of vinyl- 
ogy: In BALT anions, the negative charge is highly 
delocalized (onto eight oxygen atoms and two 
carbon atoms), leading to a low charge density 
and thus Lewis basicity on every position of the 
anionic substructure, and therefore to the excel- 
lent catalytic activities observed with this cata- 
lyst class. 

The optimized reaction conditions involve the 
use of a 9-fluoroenylmethyl cinnamate ester, which 
enables higher stereoselectivities but is not re- 
quired for catalytic activity; 9-phenanthryl groups 
as 3,3'-substituents on the catalyst; and the use of 
only 1 mol % of catalyst 6b, alongside 10 mol % of 
silyl ketene acetal 4b to effect the initial catalyst 


silylation. The Bronsted acidic catalyst 6b itself 
was found to be inactive for this transformation 
(see table S9 for further details). Under the op- 
timal conditions, our model reaction proceeded 
smoothly, giving the desired product 3a in 94% 
yield and an enantiomeric ratio (e.r.) of 97:3 
(Fig. 3). Using these conditions, we proceeded 
to explore the scope of the reaction. We found 
that the transformation proceeds smoothly in 
the presence of both strongly electron-donating 
substituents (3b: 93%; e.r. = 95:5), as well as 
strongly electron-withdrawing groups (3e: 90%; 

= 95:5). Halide substituents were well tol- 
erated, and the corresponding products 3d-3g 
were all obtained in high to excellent yields and 
with excellent stereocontrol. We proceeded to as- 
sess the influence of regioisomeric substitution 
on the cinnamate substrate and found that methyl 
substituents in para, meta, and ortho position are 
tolerated, and the corresponding products 3h-j 
were obtained with yields >90% and enantiomeric 


Asymmetric counteranion-directed catalysis with 
catalytic silylium ion equivalents (silylium ion—ACDC): 


= chirality at the counteranion 


RSI © ©, 


R 


silylium ion equivalent = 


™ Coulomb interaction between chiral anion and 
activated substrate 


highly active Lewis acid catalyst 


Fig. 1. Comparing silylium ion—ACDC with conventional approaches to enantioselective Lewis acid catalysis. 
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Fig. 2. Initial catalyst screening and optimization. (A) Model reaction of an unactivated cinnamate ester la with cyclopentadiene 2. (B) Trends of Lewis and 
Bronsted acidities in solution for silylium ion equivalents bearing CF3SO>2 (Tf)—substituted O-, N-, and C-centered counteranions and the corresponding Bronsted 
acids (21). (C) Precatalysts: disulfonimides (DSI) and chiral C-H acids (BALTs). 
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ratios =95.5:4.5. To further demonstrate the 
tolerance of substituents in various positions of 
the aryl-ring, the meta-nitro-substituted product 
3k was prepared in 91% yield and with an e.r. of 
97:3, a result that compares very well to the one 
obtained for the para-substituted analog 3c. Fur- 
thermore, we studied substrates with extended 
m-surfaces, and the corresponding 1- and 2-naphthyl- 
substituted products (31 and 3m) were obtained 
with excellent results. Finally, we synthesized the 
2-furyl- and 2-thiophenyl-substituted products 3n 
and 30, which were both obtained in good yields 
and with high stereoselectivities, thus revealing that 
our methodology can be applied to hetero-aromatic 
substrates. All Diels-Alder adducts described in 
this work were obtained with excellent endo- 
diastereoselectivities (d.r. >25:1 in virtually all cases). 

Having studied the scope of our reaction, we 
were interested in probing the mode of action 
proposed at the outset of our studies. To do so, 


(S)-6b (1 mol%) 


(10 mol%) 


. 
gs 


OTBS 
OMe 
4b 


ie) 

Ao 
ae 1 
* 


Et,O (0.2 M), -20 °C, 
1-6 days 


we applied 'H nuclear magnetic resonance (NMR) 
spectroscopy to monitor the in situ activation of 
the BALT catalyst, using the 3,3’-unsubstituted 
variant 6d and silyl ketene acetal 4a as model 
compounds (Fig. 4A). We found that over a pe- 
riod of ~70 min, the signals corresponding to 
the precatalyst disappeared, and a new species 
emerged lacking the signal corresponding to the 
acidic proton (H-1). In comparison to the pre- 
catalyst (two diastereotopic naphthyl groups with 
sharp ‘H NMR signals), the newly formed species 
showed relatively broad signals at room temper- 
ature. Increasing the temperature to 55°C allowed 
us to observe pseudohomotopic naphthyl groups 
in the activated species, an observation in good 
agreement with expectations for the formation 
of a silylium BALT-anion pair such as 7d. The 
anionic character of the BALT motif in this ac- 
tivated species was corroborated by the spectral 
similarities to the features observed for a BALT- 
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derived tetraalkyl ammonium salt (see fig. S6 for 
further details). 

On the basis of these observations and pre- 
vious studies (22-25), we propose a catalytic cycle 
(Fig. 4B), which involves ionic species and thus 
represents a case of asymmetric counteranion- 
directed catalysis. 

After the initial catalyst activation, achieved 
via protodesilylation of a catalytic amount of 
silyl ketene acetal 4, the resulting silylium BALT- 
anion pair 7 could exchange the Lewis base, thus 
forming species 9, which is activated by lowering 
of the lowest unoccupied molecular orbital 
(LUMO-lowering). Traces of water that may be 
present in the reaction mixture will presum- 
ably immediately hydrolyze ion pair 7, fur- 
nishing C-H acid 6, which in turn is reactivated 
by silyl ketene acetal 4. The Diels-Alder reaction 
of 9 with cyclopentadiene (2), proceeding through 
a transition state such as A“, would then result in 


Fig. 3. Scope of the Diels-Alder reaction 

(Tf: SO2CF3; Fm: fluorenylmethyl; TBS: 
tert-butyldimethylsilyl). All yields are isolated. 
Enantiomeric ratios (e.r.) were determined via 
high-performance liquid chromatography 
(HPLC). Diastereomeric ratios (d.r.) were 
determined by 'H-NMR. *Using 3 instead of 

1 mol % of catalyst loading gave full conversion 
after 3 days with identical enantiomeric and 
diastereomeric ratios. 
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Fig. 4. Proposed catalytic cycle and mechanistic considerations. (A) In situ NMR spectroscopic study of catalyst activation. 3,3’-Unsubstituted BALT 
catalyst 6d was treated with an excess of silyl ketene acetal 4a to give the silylium BALT—anion pair 7d. (Right) 'H-NMR spectra of the starting material and of the 
product at different temperatures. (B) Catalyst activation and proposed catalytic cycle. 


a product complex 10. The asymmetric induc- 
tion in transition state A* would result largely 
from the stereochemical communication between 
the achiral cationic moiety and the enantiopure 
BALT anion. After the enantio-determining step, the 
final product 3 could be liberated by direct Lewis 
base exchange with another molecule of substrate 
1, or via the intermediate formation of the acti- 
vated complex 7 with 8, in both cases resulting in 
the concomitant closing of the catalytic cycle. 

An important and unique feature of our silylium 
ion-ACDC approach arises from the possibility 
of a repair pathway upon hydrolytic deactiva- 
tion of the Lewis acid catalyst, enabled by simply 
adjusting the amount of the silylating reagent. 
The valuable source of chirality is hydrolytically 
stable and can only switch between the anionic 
state (active Lewis acid) and the Bronsted acidic 
state, thus allowing very low catalyst loadings. 

Our findings immediately suggest widespread 
applications of this activation mode to other re- 
actions susceptible to Lewis acid catalysis. Further- 
more, our studies constitute a proof of principle 
for the feasibility of enantioselective C-H acid ca- 
talysis and likely pave the way for the application 
of such catalysts in enantioselective Bronsted acid 
catalysis. We believe that our C-H acid-based 
catalyst design may furnish solutions for ad- 
dressing limitations remaining with current O-H- 
and N-H-based organocatalysts, and in ACDC 
in general. 
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QUANTUM SIMULATION 


Site-resolved imaging of a fermionic 


Mott insulator 


Daniel Greif, Maxwell F. Parsons, Anton Mazurenko, Christie S. Chiu, Sebastian Blatt,* 


Florian Huber, Geoffrey Ji, Markus Greiner{ 


The complexity of quantum many-body systems originates from the interplay of strong 
interactions, quantum statistics, and the large number of quantum-mechanical degrees of 
freedom. Probing these systems on a microscopic level with single-site resolution offers 
important insights. Here we report site-resolved imaging of two-component fermionic Mott 
insulators, metals, and band insulators, using ultracold atoms in a square lattice. For 
strong repulsive interactions, we observed two-dimensional Mott insulators containing 
over 400 atoms. For intermediate interactions, we observed a coexistence of phases. From 
comparison to theory, we find trap-averaged entropies per particle of 1.0 times the 
Boltzmann constant (kg). In the band insulator, we find local entropies as low as 0.5 kg. 
Access to local observables will aid the understanding of fermionic many-body systems in 
regimes inaccessible by modern theoretical methods. 


etection and control of quantum many- 
body systems at the level of single lattice 
sites and single particles gives access to 
correlation functions and order parame- 
ters on a microscopic level. These capabi- 
lities promise insights into a number of complex 
and poorly understood quantum phases, such as 
spin liquids, valence-bond solids, and d-wave su- 
perconductors (J, 2). Site-resolved detection and 
control of the wave function remain elusive in 
conventional solid-state systems, but are possi- 
ble in synthetic matter with ultracold atoms 
in optical lattices, because the associated length 
scales are accessible with high-resolution op- 
tical microscopy (3). Site-resolved imaging of 
bosonic quantum gases has enabled studies of 
the superfluid-to-Mott insulator (MI) transition 
on a single-site level (4, 5), an experimental realiza- 
tion of Ising and Heisenberg spin chains (6, 7), a 
direct measurement of entanglement entropy (8), 
and studies of dynamics of charge and spin de- 
grees of freedom of quantum systems (9, 10). The 
extension of site-resolved imaging to fermionic 
atoms may enable exploration of the rich phase 
diagram of the Hubbard model, thought to des- 
cribe a variety of strongly correlated quantum- 
mechanical phenomena, including high-temperature 
superconductivity (11). Recently, site-resolved 
imaging of fermionic atoms has been demon- 
strated with different atomic species (12-15), and 
a single-spin band insulator has been observed 
(16). Although fermionic MIs and short-range anti- 
ferromagnetic spin correlations have been observed 
using conventional imaging techniques (17-26), 
site-resolved imaging of interacting many-body 
states of fermions is an outstanding challenge. 
Here we demonstrate site-resolved observa- 
tions of fermionic metals, MIs, and band insu- 
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lators. A fermionic MI is a prime example of 
a strongly interacting many-body state, where 
repulsive interactions between fermionic par- 
ticles in two different spin states give rise to 
insulating behavior in a half-filled energy band. 
This behavior is well described by the Hubbard 
model. For low temperatures, a theoretical analy- 
sis of the phase diagram becomes difficult owing 
to the fermion sign problem (27). At tempera- 
tures above the magnetic exchange energy, spin 
order is absent, and a density-order crossover 
from a metallic state to a MI occurs when the 
ratio of interaction to kinetic energy is incresed. 
Whereas the metallic state has a gapless exci- 
tation spectrum, is compressible, and shows a 
large variance in the site-resolved lattice occu- 
pation, the MI has a finite energy gap, is incom- 
pressible, and shows a vanishing variance in the 
occupation. Observing these characteristic prop- 
erties of a MI requires temperatures well below 
the energy gap. For lower interactions and large 
filling, an incompressible band insulator of 
doublons (two particles on a site) appears be- 
cause of the Pauli exclusion principle. This behav- 
ior is in contrast to the bosonic case, where the 
absence of the Pauli exclusion principle allows 
higher fillings, and a ring structure of MI states 
with different integer fillings appears (4, 5). 

The starting point of the experiment is a low- 
temperature, two-dimensional gas of fermionic 
STi atoms with repulsive interactions in an equal 
mixture of the two lowest hyperfine ground states. 
After the preparation and cooling of the cloud, 
we set the s-wave scattering length to values 
a = 37 dy — 515 ao by adjusting a magnetic bias 
field in the vicinity of the Feshbach resonance 
located at 832 G, where da) denotes the Bohr 
radius (28). We then load the atoms into a square 
optical lattice using a 30-ms long linear ramp 
of the laser beam powers. The system is well 
described by a single-band two-dimensional 
Hubbard model on a square lattice with nearest- 
neighbor tunneling ¢,/ = 0.279(10) kHz and 
ty/h = 0.133(4) kHz along the two lattice di- 


rections with a corresponding bandwidth 8f = 
1.65(7)kHz and U/h = 1.81(3) to 25.2(5)kHz. 
The explored ratios of U/8t thus range from 
the metallic (U ~ 8¢) to the MI (U >>8f) regime. 
In the experiment, an overall harmonic con- 
finement is present, with frequencies w,/2n = 
0.691(9) kHz and ,/2n = 0.604(3) kHz. For 
more details, see (29). 

We detect the many-body state of the system 
by measuring the occupation of each lattice site 
with single-site resolution. For the detection, we 
first rapidly increase all lattice depths to pin the 
atomic distribution and then image the fluores- 
cence of the atoms with a high-resolution micro- 
scope onto an intensified charge-coupled device 
camera. Atoms on doubly occupied sites are re- 
moved during the imaging as a consequence of 
light-assisted collisions (30). We apply a decon- 
volution algorithm to the images to determine 
the occupation of every individual lattice site net, 
which is unity for a single particle of either spin 
and zero for the case of an empty or doubly oc- 
cupied site. Our imaging technique allows a relia- 
ble determination of the site-resolved occupation, 
with an estimated imaging fidelity of 97.5(3)% 
(14, 29). 

We directly observed the metal-to-MI transi- 
tion on a site-resolved level. Single images show 
a drastic change in the occupation distribution 
when increasing the interaction, U/8t, at con- 
stant atom number (Fig. 1). For the weakest in- 
teractions(U/8~ = 1.1(1)], we observed a purely 
metallic state with a large occupation variance 
over the entire cloud. The maximum detected 
value for the variance was 0.25, which is con- 
sistent with equal occupation probabilities of all 
four possible states per lattice site. The occu- 
pation decreases gradually for larger distances 
from the center because of the underlying har- 
monic confinement. In contrast, for the stron- 
gest interactions, [U/8t = 15.3(7)| we observed 
a large half-filled MI region containing about 
400 atoms (29). The energy gap, U, suppresses 
the variance in occupation in the center of the 
cloud to values below 0.02, with thermal excita- 
tions appearing as an increased variance in the 
occupation at the edge of the cloud. 

The underlying harmonic trap causes a spa- 
tially varying chemical potential, which can lead 
to the appearance of different phases within the 
same atomic cloud. For intermediate interactions 
[U/8t = 2.5(1) and U/8t = 3.8(2)], where the 
chemical potential 1 > U, we observe a wedding- 
cake structure, where metallic, MI, and band- 
insulating (BI) phases coexist. A BI core of doubly 
occupied sites forms in the center, visible as an 
extended region of empty sites with low occupa- 
tion variance. This region is surrounded by a MI 
with a small number of defects. At the interface 
of these two phases and at the outer edge of the 
MI, there is a metallic phase with large occupa- 
tion variance. For increasing interaction strength, 
the MI ring broadens owing to the increased ener- 
gy cost for double occupation. At the same time, 
the BI region decreases in size, until it disappears 
entirely for the largest interaction, where nu < U. 
Figure 1C shows radial profiles of the average 
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Fig. 1. Site-resolved images of the fermionic metal-to-Ml transition. 
(A) Single experimental images of the atoms in the square lattice are shown for 
varying interactions U/8t, along with the extracted site occupation. Doublons 
are detected as empty sites because of light-assisted collisions during imaging. 
The color bar shows the normalized number of detected photons. (B) Cal- 
culated full density profiles for the experimental parameters in (A), obtained by 
fits to the experimental data. Depending on the interaction, we observe MI, Bl, 
and metallic states. The MI appears for strong interactions as an extended 
spatial region with filling Niheory = 1. In the BI, the filling approaches 2. Metallic 
regions connect the different insulating states, where the filling changes by an 
integer. (C) By applying azimuthal averages to the corresponding single 


images, we obtain radial profiles (mirrored at r = 0) for the detected occu- 
pation Ngee and variance Orot The variance is strongly reduced in the insulating 
phases. The radial profiles Nge(r) were fit using a high-temperature series 
expansion of the single-band Hubbard model, with temperature and chemical 
potential as free parameters (solid lines). This gives temperatures kgT/U = 
1.6(3), 0.22(3),0.12(2), and 0.050(7) from left to right, which are used for 
calculating the full density profiles in (B) and correspond to average entropies 
per particle of S/N = 2.2(3),1.00(8), 0.99(7), and 1.15(7) kg. The large values 
of temperature and entropy at U/8f = 1.1 may be caused by non-adiabatic 
loading of the lattice at small interactions. Error bars are computed from a 
sampled Bernoulli distribution (29). 


detected occupation, 7aet (7), and variance, 63. (7), 
obtained from single experimental images by 
exploiting the symmetry of the trap and taking az- 
imuthal averages over equipotential regions (29). 

An essential requirement for a MI state is a 
temperature well below the energy gap kT << U, 
where kz denotes the Boltzmann constant. We 
perform thermometry of the atomic gas in the 
lattice by comparing the detected radial occu- 
pation and variance profiles obtained from sin- 


gle images to theoretical calculations based on a 
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second-order high-temperature series expansion 
of the Fermi-Hubbard model (32). The effect of 
the harmonic trap is taken into account using a 
local density approximation, where the chemi- 
cal potential varies locally (32). The temperature 
and chemical potential are obtained from a fit 
to the detected density distribution met (7"), and 
all other parameters are calibrated indepen- 
dently. We find excellent agreement with theory 
for all interactions and measure temperatures 
as low as kgT/U = 0.05 for the largest inter- 


action, corresponding to an average entropy 
per particle of S/N = 1.15 kg. For weaker in- 
teractions, we find values as low as S/N = 
0.99 kg. When repeating the experiment with 
the same parameters, we find a shot-to-shot 
variance in entropy consistent with fit errors 
(29). The agreement with theory shows that 
the entire system is well described by a ther- 
mally equilibrated state, and the underlying 
trapping potential is well described by a har- 
monic trap. 
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In Fig. 2B, we show Nae and of, as a func- 
tion of 1./U, which corresponds to a scan along 
a single line in the (u/U,kg7T/U) phase dia- 
gram of the Hubbard model at t << U. These 
data are directly obtained from the respective 
radial profiles in Fig. 1. The MI is identified by 
an extended region in u/U, with constant occu- 
pation 7g = 1 and a strongly reduced variance. 
Because in this regime the total and detected 
fillings are approximately equal (see Fig. 1B, right 
panel), the compressibility in the range just be- 
low half-filling (u < U/2) can be obtained from 
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«K = ONge./Ou, Which is small in the MI region. 
The metallic regions are signaled by an enhanced 
compressibility, with a peak in the variance dis- 
tribution. The width of each peak is determined 
by the temperature and is smallest for the largest 
interactions, as kyT/U decreases for increasing 
interactions in the experiment. 

Two contributions reduce the filling from one 
particle per site in the MI region: the finite tem- 
perature of the gas and the imaging fidelity. 
We determined a lower bound on the filling by 
averaging over 50 images, resulting in Mae = 


Fig. 2. Cuts through the 2D Hubbard phase dia- 
gram. (A) Schematic of the (u/U, kgT/U) phase dia- 
gram of the Hubbard model at U >>, which is the 
relevant regime for all three data sets shown. The in- 
tensity of the shading reflects the normalized variance of 
the site occupation, and the colors distinguish between 
MI and BI regimes. The arrows denote radial cuts 
through the trap for different interactions corresponding 
to the profiles shown in (B). (B) Detected site occupa- 
tion and variance versus chemical potential, obtained 
from the radial profiles in Fig. 1, with fits as solid lines 
(29) and error bars as in Fig. 1. The distributions are 
symmetric around p = U/2 (half-filling) from particle- 
hole symmetry. (Inset, bottom left) Calculated local 
entropy per site s;. 


Fig. 3. Controlling the size of a MI. (A) Single images 
of Mls with varying detected atom numbers N (with- 
out doublons) for U/8t = 15.3(7). (B) Histogram of 
detected atom numbers after 400 experiment repeti- 
tions with the average atom number N and standard 
deviation oy (68% confidence). The solid line shows 
the Gaussian distribution for the obtained N and ow. 
The inset shows the experimental stability of preparing 
samples with fixed atom number, characterized by 
the relative standard deviation for different N ob- 
tained from =50 images. Error bars denote the re- 
spective standard errors. 


96.5(2)%, limited by our finite imaging fidelity 
of 97.5(3)%. This filling gives an upper bound on 
the charge entropy (i.e., entropy involving den- 
sity excitations in the atomic cloud) of 0.175 kg 
(29). Because the fermionic particles are in two 
different spin states, the total entropy also con- 
tains a contribution from the spin entropy. From 
the fitted temperatures we calculate the total 
entropy per site as a function of u/U for the 
different interactions (Fig. 2B, inset). In the MI 
region we find s; = 0.70(1) kg, consistent with 
$; = kg In2, which corresponds to the entropy of 
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Fig. 4. Melting a fermionic MI. 
temperatures for U/8t = 


-1.0 
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(A) Detected site occupations from single images at different 
3.8(2). The clouds are heated by holding the atom cloud in a crossed dipole 


trap before lattice ramp-up. Hold times, from left to right, are O, 1, and 3 s. (B) Corresponding occupations 
and variance profiles versus chemical potential, with error bars as in Fig. 1. The dark blue, light blue, and red 
curves are theory fits used to determine the temperature. 


a paramagnetic MI. In the BI region the entropy 
drops below ky In2, as in this case 78(1)% of the 
lattice sites are occupied with doublons. In the 
BI, the charge entropy can be estimated from 
the measured average density of excitations cor- 
responding to sites with one particle. This gives 
0.53(2) kp, in good agreement with the calcu- 
lated value of 0.5(1) Xs from the theory fit. The 
variation in local entropy over the atomic cloud 
indicates that there is not only mass transport, 
but also efficient transport of entropy over many 
sites when loading the atoms into the lattice. 
This entropy transport could be the starting point 
for generating other low-temperature phases 
of matter using entropy redistribution or other 
cooling schemes (33-36). 

An accurate experimental study of the low- 
temperature Hubbard model generally requires 
large system sizes. By adjusting the evaporation, 
we experimentally control the size of the MI with 
detected total atom numbers (without doublons) 
ranging from N = 154 to N = 718 (Fig. 3). In all 
cases we find high values for the detected central 
occupation “ge > 0.92 (28). To investigate the 
reproducibility, we repeated the same experi- 
ment and found that the standard deviation 
corresponds to < 5% of the mean atom number. 
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Whereas for temperatures kpT << Ua large MI 
with a sharp occupation distribution appears, the 
insulator is expected to gradually melt with in- 
creasing temperatures and eventually disappear. 
We experimentally controlled the temperature 
while keeping the atom number approximately 
constant by adjusting the evaporation and pre- 
paration of the atomic cloud (29). We observed 
a clear change in the occupation and variance 
distribution from single images, which is also 
apparent in the respective distributions as a 
function of u/U (Fig. 4). For higher tempera- 
tures, the occupation distribution broadens sig- 
nificantly, whereas the variance flattens and is 
only weakly suppressed at the highest detected 
occupations (u = U/2). The temperatures deter- 
mined from theory comparison are in the range 
kgT/U = 0.14 to 0.55, which corresponds to en- 
tropies of S/N = 0.97 to 1.58 kg. This shows 
that temperatures k37T << U are required for 
MI states. 

For the lowest detected entropy value S/N = 
0.97 kg, we expect strong antiferromagnetic cor- 
relations on nearest-neighbor sites (37-40). This 
should be detectable in single images by mea- 
suring the spin correlation function via spin- 
sensitive imaging. Additionally, our experiment 


is well suited for studying the competition of 
ferromagnetic and antiferromagnetic domains 
in the regime of weak lattices and large scatter- 
ing lengths (40), investigating the phase diagram 
of polarized samples with repulsive or attractive 
interactions (42-45), and testing various entropy 
distribution schemes (33-35). 
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Superlubricity of graphene 
nanoribbons on gold surfaces 
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The state of vanishing friction known as superlubricity has important applications for 
energy saving and increasing the lifetime of devices. Superlubricity, as detected with atomic 
force microscopy, appears when sliding large graphite flakes or gold nanoclusters across 
surfaces, for example. However, the origin of the behavior is poorly understood because 

of the lack of a controllable nanocontact. We demonstrated the superlubricity of graphene 
nanoribbons when sliding on gold with a joint experimental and computational approach. The 
atomically well-defined contact allows us to trace the origin of superlubricity, unraveling the 
role played by ribbon size and elasticity, as well as by surface reconstruction. Our results pave 
the way to the scale-up of superlubricity and thus to the realization of frictionless coatings. 


raphene offers distinctive properties as a 
solid lubricant (7) and has the potential to 
be used as an ultrathin coating material 
on surfaces, almost suppressing energy 


impossible, and (ii) combined with the weak in- 
teraction with most materials, incommensura- 
bility leads to a state of ultralow friction when 
graphene slides over a different material. To sub- 


consumption in mechanical components. 
The interpretation of such superlubric behavior 
is based on the premise that (2-5) (i) the high 
lateral stiffness of graphene makes a commen- 


stantiate this hypothesis and establish a connec- 
tion with the tribological properties observed on 
macro- and mesoscales, it is highly desirable to 
measure the mechanical response of a graphene 
flake down to the nanometer level. In such mea- 


surements, one has to ensure that both of the 
contacting surfaces are atomically well defined, 
that their common interface is free from contam- 
inants, and that the ultralow forces accompany- 
ing the sliding motion can be distinguished from 
the background noise. Whereas clean atomically 
flat surfaces as substrates can reliably be ob- 
tained in ultrahigh vacuum (UHV), atomically 
defined graphene systems as sliding objects are 
rarely prepared. Carbon nanotubes have excep- 
tional superlubric properties up to a length scale 
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surable contact with most solid surfaces nearly 
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Fig. 1. Static friction force measurement. (A) STM topographies of GNRs 
on Au(111) before and after a tip-induced lateral manipulation (the green arrow 
indicates the sliding direction). (B) 2D Af map along the longitudinal axis of the 
manipulated GNR. (C) Distance dependence of Af before, during, and after the 
GNR displacement. (D) Calculated lateral force. The cross symbol correspond- 
ing to the red arrow in (B) shows the position at which the GNR starts moving 
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and the corresponding value of the static friction force Fstat. (E) The absolute 
value of Fetat aS a function of the GNR length (black) and Feat per unit length 
(red). Dots correspond to single measurements, whereas bars connect the 
largest and the smallest values measured while manipulating the same ribbon on 
different surface regions. Measurement parameters: tunneling current / = 2 pA, 
bias voltage V = -200 mV (A); oscillation amplitude A = 34 pm [(B) to (D)]. 
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of a few centimeters (6), but their curvature 
makes them difficult to manipulate in a control- 
led way. Nevertheless, the problem can be over- 
come by using graphene nanoribbons (GNRs), 
which recently have been synthetized on a metal 
substrate by means of an on-surface chemical 
reaction (7). Their structure is well defined by 
the precursor molecule, as confirmed by high- 
resolution scanning tunneling microscopy (STM) 
and atomic force microscopy (AFM). For this 
reason, GNRs are an appropriate candidate for 
our goal. Apart from that, GNRs are also very 
promising in a series of applications [e.g., nano- 
electromechanical systems (8), nanofillers (9), 
transistors (10), and other electronic and spin- 
tronic devices (12)] for which assessing their 
mechanical stability is pivotal. 

We investigated the frictional, adhesive, and 
elastic properties of GNRs by means of lateral 
manipulation on an Au(111) substrate, using dy- 
namic AFM in UHV at a low temperature (4.8 K). 
The ends of selected GNRs were anchored to the 
probing tip and dragged back and forth in a con- 
trolled way while the friction force was recorded. 
An accompanying computational experiment al- 
lowed us to relate the origin of the measured 
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superlubricity to the molecular dynamics occur- 
ring at the interface. 

Our measurements originate from the uninten- 
tional manipulation of GNRs aligned along the 
[-1,0,1] direction of the Au(111) substrate, when 
the GNRs were imaged by STM using a gold tip. 
The GNRs were always displaced along their lon- 
gitudinal axis, even with a relatively large separa- 
tion, indicating high diffusivity (figs. S1 to $4). 
To measure the static friction force (Fstat), we 
switched to AFM, using the same tip. After im- 
aging a sample area covered by GNRs (Fig. 1A), 
we acquired a two-dimensional (2D) frequency 
shift map while the tip was scanned laterally 
along a GNR (vw direction) at different constant 
& distances (Fig. 1B and fig. S5). Following the 
method of Ternes et al. (12), we reduced the tip- 
GNR distance stepwise during scanning until we 
observed an abrupt decrease in the frequency 
shift (Af) at the distance defined as z = 0 (Fig. 1C). 
We found that the GNR was displaced by a 
distance d = 2.2 nm (Fig. 1A). We also observed 
that the A f(z) profile was repeated after the same 
distance. Langewisch et al. reported a similar 
observation in their manipulation experiments 
on perylenetetracarboxylic dianhydride molecules 


NN ee 


Z=5nm 
6 8 10 


Lateral displacement (nm) 


Fig. 2. Frequency shift versus pulling height. (A) Schematic drawing of the lateral manipulation 
procedure. (B) STM topographies before and after a GNR has been displaced on the Au(111) surface in the 
direction of the yellow arrows. The length of the GNR is 6.28 nm, corresponding to seven connected 
monomers. (C to F) Frequency shifts accompanying the lateral motion at different heights (z = 2, 3,4, and 


5 nm). Oscillation amplitude A = 38 pm. 
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(13). We found that d varied with both the GNR 
length and the adsorption site. Furthermore, 
jumps with smaller d values were rarely observed, 
and the GNRs were never dragged continuously, 
meaning that the junction formed between the 
tip and the GNRs is weak. To quantify Fiat, we 
first estimated the energy landscape experienced 
by the tip by integrating two times the A/(z) sec- 
tions extracted from Fig. 1B. Then we differen- 
tiated the 2D potential map along the 2 direction 
and multiplied the result by the factor -2k,/f = 
-0.15 N m7 Hz", where &, = 1800 N m‘* is the 
spring constant, and f = 24.7 kHz is the reso- 
nance frequency of the free tuning fork. The man- 
ipulation occurred when Fy, * —105 pN (Fig. 1D). 
Ftat is exceptionally low, considering that the 
linear size of the GNR is well above that of the 
single atoms and conventional molecules that are 
typically manipulated by AFM (72, 14, 15). This 
result is a strong confirmation of the superlubric 
properties of graphene on the nanoscale, as ob- 
served in previous friction measurements taken 
on graphene flakes of undefined size (16-78). An- 
other signature of superlubricity is the decrease 
of the friction force per unit of contact area with 
increasing size of the contact (19-21). To look for 
this, in our quasi-1D system, we repeated the mea- 
surements on GNRs of different lengths (Fig. 1E). 
In spite of the spread in the measured data (due 
to the surface reconstruction, discussed below) 
the force per unit length was found to decrease 
with increasing GNR length. 

We estimated the diffusion barrier (AZ) for the 
GNR by assuming a simple sinusoidal interac- 
tion as AE = Feat a/m ~ 40 meV, where a = 0.41 
nm is the lattice constant of the Au(111) sub- 
strate (15). This low value means that a single 
isolated GNR would diffuse spontaneously at 
room temperature, making measurements chal- 
lenging. We also observed a rotation of short 
GNRs (2 nm), although we always scanned the 
tip exactly along the GNR axis (fig. S6). This be- 
havior is predicted theoretically for graphene 
flakes dragged on graphite (22). We even observed 
a vertical motion of the shortest GNRs (1 nm) 
before the start of lateral manipulation (fig. $7). 
We could not perform reliable static friction force 
measurements on GNRs longer than 22 nm, be- 
cause other GNRs were often found nearby, and 
the measured forces were considerably affected 
by the interaction with those neighbors. Never- 
theless, superlubricity allowed us to manipulate 
GNRs up to 55 nm long (figs. S8 and S9). 

Although our measurements allow a precise 
estimation of the static friction force, they do not 
provide any details on the complex dynamics of 
the sliding motion of the GNRs. To gain more 
insight, we applied the procedure that some of 
us previously introduced for polymer chains (23) 
and succeeded in attaching a short edge of a 
GNR to an Au-coated tip. We then oscillated the 
GNRs along the [-1,0,1] direction of the Au(11) 
surface with the tip kept at a constant distance (2) 
from the substrate. We repeated the measurements 
several times at increasing values of z (Fig. 2A). 
The corresponding variations in Afare shown in 
Fig. 2, C to F, for increasing values of g. We found 
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that the frequency shift oscillated with a perio- 
dicity of 0.28 nm, except when the GNR was 
driven backward with a tip-surface distance of 
gs = 5 nm. The amplitude of the Af oscillations 
was not constant along 2 but modulated on dis- 
tances of a few nanometers, varying by a factor of 2. 
We observed curves with roughly half-periodicity 
at a small scanning distance of zg = 1 to 2 nm (figs. 
S10 and S11). We also imaged the sample at the 
end of the process to ensure that we manipulated 
only the target ribbon (Fig. 2B and fig. S12). 
Figure 3 and fig. S13 show the variations of the 
normal force F, and lateral force F,,, calculated by 
molecular dynamics (MD) simulations, as the tip 
drives the GNR parallel to the unreconstructed 
Au(111) surface at a low separation (z = 2 nm). 
Two characteristic lengths of 0.06 and 0.11 nm 
correspond to the lateral shift between three 
stable configurations (Fig. 3C). We estimated Af 


> 


50 


force (pN) 


as recorded in the AFM measurements by multi- 
plying the force derivative [F.(a, z+A2)-F.(@, 2)/Az 
by the conversion factor 0.15 Nm™ (Az = 0.05 nm). 
The obtained profile (Fig. 3B) maintains the 
same periodicities of the manipulation curves, 
allowing comparison between simulations and ex- 
periments, although the relative heights of the 
peaks are different. 

The regular profile (Fig. 3B) is considerably 
modified by the herringbone reconstruction, which 
deforms the top Au(111) layer and makes it slight- 
ly wavy (0.02-nm corrugation). The commensura- 
bility degree between the GNR and the substrate 
is modulated correspondingly, and the same mo- 
dulation appears in the friction (or frequency shift) 
profiles. We studied via our simulations the ef- 
fect of the reconstruction starting at three dif- 
ferent locations on the surface (Fig. 3, D to G). 
The friction force is reduced if the whole GNR 


X (nm) 


lies on the face-centered cubic (FCC) or hexago- 
nal close-packed (HCP) regions (red arrows), is 
still small when the GNR crosses the boundary 
between the FCC and HCP regions (green arrow), 
but increases and reaches a maximum value when 
the free edge of the GNR or the point of detach- 
ment from the substrate sits over the boundary 
between the FCC and HCP regions (blue arrows). 
The GNR short edge binds more strongly to the 
substrate than to the inner atoms, and this effect 
is more pronounced in the boundary regions be- 
tween HCP and FCC, where the substrate struc- 
ture becomes more commensurate with that of 
the GNR. We established further support for this 
behavior by means of additional measurements 
taken on different GNRs (fig. S10); it is also sup- 
ported by theoretical studies on the pinning role 
of the nanostructure edges (24). The role of the 
herringbone reconstruction is confirmed by a 
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Fig. 3. Simulated sliding behavior. (A) Lateral force F,(x,z) (blue curve) and 
normal force F,(x,z) (orange curve) while pulling the 6.28-nm GNR along its 
longitudinal axis at a distance z = 2 nm from an unreconstructed Au(111) 
surface. The force F, has been also calculated at z = 2.05 nm (green curve), 
which allows us to estimate the frequency shift variation Af(x) shown in (B). 
(C) Sketch of a generic row of C atoms in the GNR (black), showing that most 
of the time, the atoms sit in three nonequivalent configurations marked as 1, 2, 
and 3 (also marked in other panels); these configurations give rise to a 
periodicity of ~O.06 nm for short jumps from 1 to 2 or ~O.11 nm for long jumps 
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from 2 to 3 or 3 to 1 (Au atoms are shown in orange). (D) Tip trajectories on 
reconstructed Au(111) for the scan of panels and GNR configurations corre- 
sponding to minimum and maximum friction (the simulation cell size is 25.7 x 
7.0 nm). Dashed lines represent the boundaries between the HCP and FCC 
regions, and rectangles represent the attached portion of the GNR during the 
scan (with red, green, and blue colors corresponding to increasing lateral 
force). Inthe background, dots indicate C atoms and surface, middle, and inner 
layers. (E to G) Frequency shift Af(x) along the scan lines in (D). The corre- 
sponding lateral force profiles are shown in fig. S13. 
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Fig. 4. Simulated frequency shifts at different pulling heights. (A to D) Frequency shifts for forward and backward scans at z = 2, 3, 4, and 5 nm. Note that 
the half-periodicity disappears if z > 2 nm. The diagrams on the right show the different bending of the detached portion of the GNR in the forward (black) and 
backward (red) scans. The corresponding friction force loops are shown in fig. S16. 


similar experiment that we attempted on an un- 
reconstructed Ag(111) surface. In this case, the 
GNRs merged and formed a moiré pattern with 
the substrate (fig. $14). Manipulation with force 
values similar to those used on Au(111) was not 
possible in this case. 

Configuration 2 of the GNR (Fig. 3C) becomes 
unstable as the transitions from 1 to 2 and from 
2 to 3 are suppressed. This leads to the half- 
periodicity that we sometimes observed while 
scanning at very close separations. Just before 
a “slip” from 1 to 3 or 3 to 1 occurs, the GNR 
becomes almost insensitive to the substrate, ex- 
cept for its short edge, which is still attached to 
the substrate (fig. S15). Because a C atom at this 
edge lies in a potential well Up a few milli-electron 
volts deep, and it is essentially driven by the spring 
k = 15 N m‘ that connects the GNR to the tip 
apex [C-C bonds have an estimated stiffness of a 
few hundred newtons per meter (25)], we can 
apply a well-known result of the Prandtl-Tomlinson 
model for atomic-scale friction and estimate the 
characteristic parameter n = 4m” U/(ka) (26). 
The resulting value of n is well below 1 and in- 
dicates a continuous transition between the two 
equilibrium states (this is valid strictly at the 
particular instant that we have considered). When 
the GNR is pinned in configuration 1 or 3 and is 
pulled by the spring at the same time, all C atoms 
in contact with the substrate oppose a certain re- 
sistance, but the overall value of the friction force 
remains very small (a few hundred piconewtons). 
Thus, our MD simulations are fully consistent with 
the commonly accepted interpretation of the super- 
lubricity of graphene. Because of its exceptional 
lateral stiffness, this material is not prone to 
stretch and adapt to the substrate lattice while 
sliding. Combined with the weak interaction be- 
tween graphene and the substrate, the result- 
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ing incommensurability leads to the almost 
frictionless sliding of the GNR. 

We plotted Af(x) curves at increasing separa- 
tions zg from the surface and also reversed the 
direction of motion (Fig. 4). Configuration 1 be- 
comes unstable when zg > 2 nm, and only the 3- 
to-3 transitions remain (corresponding to the 
more frequently measured periodicity of 0.28 nm). 
Lastly, we noticed that the forward and back- 
ward scan traces can be either in phase or in 
antiphase. MD simulations allow us to attribute 
this effect to the different bending of the sus- 
pended portion of the GNR in the two directions 
(Fig. 4). In the substrate regions with a large fric- 
tion force, the bending of this portion can be 
much larger when scanning backward, thus lead- 
ing to a delay in the slip events (fig. S16). If z = 
5 nm (i.e., when the GNR is close to complete 
detachment), the agreement between the model 
and experimental results becomes weak; this is 
presumably due to the fact that the H atoms 
passivating the GNR edges, which are neglected 
in the MD simulations, start to play an important 
role at this point. 

The pinning and releasing processes that oc- 
cur in a sliding contact, as described here, are 
pivotal in the development of friction between 
two solid surfaces in reciprocal sliding (27). The 
GNR-Au(i11) contact is almost superlubric, with 
static and kinetic friction force values in the 
range of 100 pN. The detailed dynamics of the 
sliding motion are nevertheless influenced by 
local surface properties, such as the variable de- 
gree of commensurability caused by the surface 
reconstruction. These details are clearly observ- 
able when the tip-surface separation z is small 
but tend to disappear as z increases and the 
bending (elastic) properties of the suspended 
piece of GNR become important. Our findings 


will aid in understanding and improving AFM- 
based nanomanipulation techniques and will 
motivate the design of novel nano-functionalized 
interfaces for friction control. 
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An aromatic ion platform 
for enantioselective Bronsted 


acid catalysis 


Chirag D. Gheewala, Bridget E. Collins, Tristan H. Lambert* 


Chiral acid catalysts are useful for the synthesis of enantioenriched small molecules, 

but the standard catalysts require laborious and expensive preparations. Here, we describe 
a chiral Bronsted acid prepared in one step from naturally occurring (—)-menthol and 
readily available 1,2,3,4,5-pentacarbomethoxycyclopentadiene. Aromatic stabilization 
serves as a key contributing factor to the potent acidity of the resulting compound, which 
is shown to catalyze both Mukaiyama-Mannich and oxocarbenium aldol reactions with 
high efficiency and enantioselectivity. Catalyst loadings as low as 0.01 mole percent and 
preparative scalability (25 grams) are demonstrated. Alternative amide catalysts are also 
shown to be promising platforms. In addition to proton catalysis, a chiral anion pathway 
is demonstrated to be viable with this catalyst system. 


rotonation dramatically alters the reactiv- 

ity of a molecule. As such, Bronsted acid 

(proton donor) catalysts have long pro- 

vided a potent strategy for the acceleration 

of a diverse array of chemical transforma- 
tions (J, 2). In recent years, the invention of ef- 
fective chiral Bronsted acid catalysts has enabled 
the development of numerous asymmetric reac- 
tions that furnish valuable chemicals in enan- 
tioenriched form (3-6). By and large, this area of 
enantioselective Bronsted acid catalysis has been 
dominated by the binaphthol (BINOL) phosphoric 
acid class of catalysts originally developed by 
Akiyama (7) and Terada (8). Although the utility 
of these catalysts is unquestionable, the major 
drawback to substituted BINOL-based catalysts 
is the lengthy, laborious, and expensive protocol 
required for their synthesis (9), which complicates 
catalyst optimization and limits their application 
on scale. Although alternative catalysts have been 
developed (10-16), the majority of these still rely 
on binaphthyl or other unnatural frameworks 
[e.g., VAPOL (17) or SPINOL (/8)] as the basis 
of their chirality. This monocultural reliance on a 
single chiral scaffold is thus a major limiting 
factor for this important area of catalysis, and the 
identification of more readily accessible architec- 
tures is an important goal. Here, we describe a 
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carbon acid platform for enantioselective Bronsted 
acid catalysis that uses aromaticity as its central 
acidifying element. 

Although carbon acids typically manifest rela- 
tively high pK, values (where K, is the acid disso- 
ciation constant), several structural modifications 
can substantially increase the propensity of C-H 
bonds to undergo ionization by stabilizing the 
anionic charge of the conjugate bases (19, 20) 
(Fig. 1A). The most common of these modifications 
involve o-delocalization (induction) by electro- 
negative elements or groups and n-delocalization 
(resonance) by conjugated functionality. A third 
mode of carbanion stabilization involves a spe- 
cial form of resonance known as aromaticity, 
epitomized by the dramatic increase (107”) 
in acidity of cyclopentadiene versus its acyclic 
analog (27) due to the aromatic nature of the 
cyclopentadieny] anion. In the case of a 1,2,3,4,5- 
pentacarboxycyclopentadiene (PCCP) 1 (Fig. 1B), 
the three elements of induction-, resonance-, and 
aromaticity-induced acidification conspire to pro- 
duce extremely strong carbon acids that rival the 
acidity of the mineral acids (22—24). In fact, the 
extended conjugation of such substituted cyclo- 
pentadienes is such that their acidic protons 
reside not on carbon but rather on oxygen as 
hydroxyfulvenes (compare 3) (25). With such strong 
acidity, we reasoned that PCCPs could serve as 
potent Bronsted acid catalysts and that ester or 
amide derivatives incorporating simple chiral 
alcohols or amines could offer synthetically ac- 


cessible and effective enantioselective variants. 
Herein, we demonstrate the realization of this 
vision with the use of chiral PCCPs as highly ef- 
ficient enantioselective Bronsted acid catalysts. 

1,2,3,4,5-Pentacarbomethoxycyclopentadiene 
is readily available via the reaction of dimethyl 
malonate (4) and dimethylacetylene dicarbox- 
ylate (5) in pyridine-acetic acid, followed by 
treatment with potassium acetate (KOAc) to 
yield, after acidic workup, the acid 6 (26) (Fig. 
2A). Compound 6 is a stable crystalline solid, 
and we have scaled this procedure to produce 
more than 50 g of this material. To access chiral 
derivatives, we found that refluxing 6 with excess 
(-menthol in the presence of N-methylimidazole 
in toluene furnished the pentamenthy] ester '7 
in 95% yield. Because (-)-menthol is a naturally 
occurring commodity chemical, we calculate that 
catalyst '7 can be prepared for about US$4/g 
(<$5.50/g for the unnatural enantiomer). As an 
alternative means to introduce chirality, we have 
also found that treatment of 6 with 1.0 equivalent 
of a primary amine (e.g., sec-naphthethylamine) 
in refluxing toluene resulted in production of 
the corresponding monoamide product 8 in 
good yield. Because in the area of Bronsted acid 
catalysis, reaction rate has been shown to have 
a linear correlation with catalyst acidity (27), at 
least to a first approximation, we determined 
the pK, (CH3CN) of both pentaester 6 (8.85 + 
0.05) and monoamide 9 (11.7 + 0.1) and found 
that they compared quite favorably with known 
BINOL-phosphoric acids 10 (12-14) and other 
derivatives (Fig. 2B). 

To evaluate the effectiveness of chiral PCCPs 
as enantioselective catalysts, we examined their 
performance in a Mukaiyama-Mannich reaction, 
which was known to be amenable to this type of 
asymmetric promotion (7) (Fig. 3A). We observed 
that 1 mole percent (mol %) of menthol-derived 
acid 7 catalyzed the addition of silyl ketene acetal 
12 to imine 11 in ethyl] acetate at -78°C in 1 hour 
to furnish the adduct 13 in 97% yield and 97% 
enantiomeric excess (ee). This result compares 
quite favorably to BINOL-phosphoric acid cata- 
lyst 14, which at 10 mol % loading was reported 
to catalyze the same reaction (in toluene) over 
24 hours to furnish 13 in 98% yield and 89% ee. 
The loading of cyclopentadienyl catalyst 7 could 
be reduced to 0.01 mol % without compromis- 
ing enantioselectivity. In terms of further catalyst 
screening, monoamides 8 and 15 were also found 
to induce appreciable enantioselectivity in this 
reaction, suggesting such catalysts may also be 
worthy of further development. Nevertheless, 
pentaester catalysts have thus far proven optimal 
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Fig. 1. Tuning carbon acids for catalysis. (A) Common strategies for increasing C-H acidity, including 
induction, resonance, and aromaticity, the latter epitomized by the relatively high acidity of cyclo- 
pentadiene. (B) PCCPs combine all three acidifying elements to produce powerful Bronsted acid catalysts. 
Me, methyl; R, generic substituent. 
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Fig. 2. Catalyst preparation and characterization. (A) Synthesis of 1,2,3,4,5-pentacarbomethoxycyclo- 
pentadiene 6 and chiral derivatives 7 and 8. (B) pK, values measured in acetonitrile. i-Pr, isopropyl: 
Ph, phenyl; NMI, N-methylimidazole. 
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both in terms of reactivity and enantioselectivity, 
as further exemplified by the performance of the 
2-phenylcyclohexanol-derived catalyst 16. 

To investigate the preparative utility of 7, we 
conducted a Mannich reaction on scale to produce 
25 g of product 13 using 0.1 mol % of the acid 
catalyst (Fig. 2B, entry 1), which resulted in yield 
and enantioselectivity comparable to the smaller- 
scale reactions. In terms of additional substrate 
scope, we found that a variety of aryl or vinyl 
imines could be engaged efficiently and with 
high selectivities (entries 2 to 7). In addition, an 
aliphatic imine substrate, which is typically chal- 
lenging for this type of chemistry, could also be 
productively engaged (entry 8). An alternative 
silyl ketene acetal bearing a cyclohexyl ring was 
found to react in high yield and with high se- 
lectivity (entry 9). Thus far, reactions that lead 
to diastereomeric mixtures have exhibited only 
modest selectivities with catalyst '7 (see the sup- 
plementary materials, p. S15). 

To demonstrate the potential of PCCPs to move 
beyond established capabilities, we investigated 
the enantioselective addition to oxocarbenium 
ions. In comparison to iminium ion additions, enan- 
tioselective reactions with oxocarbenium ions are 
notoriously difficult to achieve because they typ- 
ically lack the traditional organizational elements 
(e.g., hydrogen bonding groups) employed by 
many asymmetric catalysts. Indeed, only recently 
have successful approaches to enantioselective 
oxocarbenium ion chemistry begun to appear 
[see, e.g., (28-—38)]. We probed the capacity of 
catalyst '7 to catalyze the addition of silyl ketene 
acetal 12 to oxocarbenium ion intermediates 29 
generated from salicylaldehyde acetals 27, a so- 
called Mukaiyama oxocarbenium aldol (Fig. 2C) 
(35). First, we attempted the reaction of benzal- 
dehyde dimethyl acetal, which in fact led to 
product 30 in high yield but, as expected, with 
essentially no enantioselectivity (entry 1). On the 
other hand, the dimethyl acetal of salicylaldehyde 
led to the production of adduct 31 with an en- 
couraging 71% ee (entry 2). Modification to the 
diethyl acetal resulted in an appreciable improve- 
ment in selectivity to 85% ee for adduct 32 (entry 
3), whereas further increasing the steric demand 
of the acetal substituent to n-butyl or 7-propyl 
(entries 4 and 5) led to comparable enantiose- 
lectivities for products 33 and 34. An alternative 
ketone product 35 could also be obtained in 80% 
ee with the use of a silyl enol ether nucleophile 
(entry 6). These results demonstrate that chiral 
PCCPs have the ability to address one of the 
more notable challenges in asymmetric catalysis, 
and it is a reasonable expectation that optimiza- 
tion of catalyst structure will enable further im- 
provements in this area. 

The mechanistic rationale for the operation 
of catalyst 7 is shown in Fig. 4A, in which initial 
protonation of acetal 36 produces intermediate 
salt 37. Addition of the silyl ketene acetal 12 
to the highly electrophilic oxocarbenium ion 
(compare 38) then leads to intermediate 39. Silyl 
transfer to the alcohol produced in the initial ion- 
ization step would then furnish the ether product 
82 and return the acid 7 to the catalytic cycle. 
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To investigate whether proton catalysis was 
indeed the operative mode for catalyst 7, we 
ran the Mannich reaction of 11 and 12 using 
deprotonated 7 as its sodium salt (Fig. 4B). As 
expected, no reaction was observed at -78°C, 
lending credence to the notion that the catalyst 
operates as a Bronsted acid (entry 1). Interest- 


ingly, however, when the reaction was performed 
at higher temperatures, product formation was 
observed, with appreciable enantioenrichment 
(entry 2). As there was no acidic catalyst proton 
in this case, this result suggests that perhaps a 
silylium-catalyzed process was operative, with 
the cyclopentadienyl group serving as a chiral 


anion. This notion is supported by the fact that 
the reaction worked with comparable efficiency 
and enantioselectivity even in the presence of 
2,6-di-tert-butyl-4-methylpyridine (entry 3). It 
is worth noting that chiral anion catalysis has 
also proven to be an effective strategy for asym- 
metric synthesis (36-38), and so the current 
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Fig. 3. Exploration of substrate scope. (A) Catalyst screen for enantioselective Mukaiyama-Mannich reaction. (B) Substrate scope for acid-catalyzed Mannich 
reaction. (C) Enantioselective catalytic Mukaiyama oxocarbenium aldol. *5 mol % 7 was used. tReaction was performed with the trimethylsilyl ketene acetal 
derived from methyl cyclohexanecarboxylate. tReaction was performed in ethyl acetate at room temperature for 72 hours. §Reaction was performed with 
1-0-tolyl-1-trimethylsiloxy ethylene as the nucleophile. R, R*, and R?, generic substituent; TMS, trimethylsilyl; EtOAc, ethyl acetate. 
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Fig. 4. Mechanistic A 
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platform may have utility in this burgeoning area 
as well. 

A stereochemical rationale for this chemistry 
is shown in Fig. 4C. The presence of multiple 
rotatable bonds in catalyst 7 renders a number 
of transition-state organizations plausible. For the 
Mannich reaction, one possible scenario involves 
association of the protonated imine and one of 
the carbonyl oxygens of the catalyst via two hy- 
drogen bonds (Fig. 4C). To accommodate this 
interaction would require substantial torquing 
of the carboxyl substituent, thereby placing 
the iminium in close proximity to an adjacent 
carboxymenthyl substituent. Blocking of the re 
prochiral face of the iminium would then ration- 
alize the observed stereochemistry. 

A similar model can be invoked for the 
oxocarbenium addition; however, in this case 
only a single hydrogen bonding substituent is 
present (Fig. 4D). We speculate that there may 
be additional organizing interactions between 
the C-H bonds adjacent to the oxygen of the 
oxocarbenium ion and the catalyst carbonyl and/ 
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or the cyclopentadieny] ring. In this case, n-facial 
blocking as described above would lead to reac- 
tion via the si prochiral face, which corresponds to 
the observed stereoselectivity for the R-enantiomer. 

We have obtained a single-crystal x-ray struc- 
ture of catalyst 7 as its tetramethylammonium 
salt (Fig. 4E). The face view (cation removed) 
shows a gearing of the carboxyl substituents all 
in the same direction, presumably to minimize 
steric repulsion of the menthyl substituents. The 
alternative edge view shows the substantial di- 
hedral angle between each carbonyl and the cyclo- 
pentadienyl ring ranging from 30.6° to 52.19 
with an average of 43.8°, and the orientation of 
each of the carbonyl oxygens to the same side of 
the ring. In this view, two adjacent (and equiv- 
alent) cations are included, which shows that one 
half of each ammonium is embedded in a hy- 
drophobic pocket formed by the menthyl groups, 
whereas the other half is associated with the op- 
posite ring face toward which the carbonyls are 
oriented. The extent to which this structure is 


related to the catalytic operation of 7 is not cur- 


rently known and will be the subject of further 
study. 

The ability to synthesize asymmetric catalysts 
rapidly, inexpensively, and on scale is an impor- 
tant goal for the field of organic chemistry. The 
current platform offers a useful advance in this 
regard by allowing preparation of an effective 
chiral Bronsted acid catalyst in a single step from 
a readily available acid core and simple chiral 
alcohols or amines. The central feature of this 
platform, the cyclopentadienyl anion, enables the 
cooperation of multiple acidifying elements to 
produce powerful acid catalysts. 
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CATALYSIS 


Palladium-tin catalysts for the direct 
synthesis of H,O> with high selectivity 


Simon J. Freakley,’*{+ Qian He,”*?} Jonathan H. Harrhy,’ Li Lu,” David A. Crole,* 
David J. Morgan,’ Edwin N. Ntainjua,’ Jennifer K. Edwards,’ Albert F. Carley,’ 
Albina Y. Borisevich,”* Christopher J. Kiely,” Graham J. Hutchings’* 


The direct synthesis of hydrogen peroxide (H202) from Hz and Oz represents a potentially 
atom-efficient alternative to the current industrial indirect process. We show that the 
addition of tin to palladium catalysts coupled with an appropriate heat treatment cycle 
switches off the sequential hydrogenation and decomposition reactions, enabling 
selectivities of >95% toward H20>. This effect arises from a tin oxide surface layer that 
encapsulates small Pd-rich particles while leaving larger Pd-Sn alloy particles exposed. 
We show that this effect is a general feature for oxide-supported Pd catalysts containing an 
appropriate second metal oxide component, and we set out the design principles for producing 
high-selectivity Pd-based catalysts for direct H2O2 production that do not contain gold. 


urrently, the demand for H,O, is met by 

an indirect process, which produces H.O. 

through the sequential hydrogenation and 

oxidation of a substituted anthraquinone 

(1). For economic reasons, the process is 
operated at large scale and produces concen- 
trated H,O.. In reality, many applications, such 
as disinfection and water purification, require 
only dilute H,O., which means that concen- 
trated HO. must be diluted at the point of use. 
Research into the direct synthesis of HO, from 
H, and O, as a more suitable solution to small- 
scale, on-site HO, production has focused on 
palladium (Pd)-based catalysts (2-4). However, 
H,0, is itself highly reactive, and the presence 
of H, favors hydrogenation and decomposition 
reactions that form water. The addition of strong 
acids and halides to the reaction medium can 
suppress the sequential hydrogenation and deg- 
radation in supported Pd catalysts (5) but can 
also promote metal leaching and requires further 
purification of the H2O, before use. 

Bimetallic Au-Pd alloy catalysts have been ex- 
tensively studied as catalysts for the direct H,O. 
synthesis reaction on a number of support mate- 
rials, including TiOs, SiO., and activated carbon 
(6-9). Yields comparable to monometallic Pd cat- 
alysts can be achieved without the need for acid 
and halide additives in the reaction mixture, and 
95% selectivity to HO, can be achieved with Au- 
Pd alloy nanoparticles (NPs) dispersed on an acid- 
pretreated activated carbon support material (0). 
Hydrogen peroxide hydrogenation could be de- 
coupled from H,O, synthesis with an acid pre- 
treatment that blocked sites on the carbon support 
material responsible for H,O, degradation (JO). 
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Although this approach was very successful on an 
activated carbon support material, the same block- 
ing effect could not be fully achieved on other com- 
mercial support materials such as SiO. and TiO». 

Because O, dissociation is undesirable in the 
direct synthesis of H2Os, the reaction can be 
treated as a selective hydrogenation of Oj. We 
explored other Pd-metal combinations that are 
used for selective hydrogenation reactions as po- 
tential catalysts for H2O. synthesis, focusing on 
nonprecious metals to lower costs. Tin (Sn) has 
been used to modify hydrogenation catalysts in 
reactions such as the selective hydrogenation of 
1,3-butadiene (77). Further examples have been 
reported for the liquid-phase hydrogenation of 
hexa-1,3-diene and hexa-1,5-diene (12) as well as 
the hydrogenation of unsaturated alcohols (13). 
The addition of Sn to Pd or Pt can alter the behav- 
ior of the catalyst during hydrogenation reactions 
and, in particular, may have an effect on subse- 
quent reactions of the products with the catalyst. 

We report the development of Sn-containing 
Pd catalysts on commercially available TiO, and 
SiO. supports that can achieve >95% selectivity 
toward direct H,O, synthesis. These catalysts, 
after being subjected to an appropriate heat 
treatment regimen, obviate the need for pre- 
treating the support with acids and contain far 
less precious metal than Au-Pd catalysts. We 
also present the general principles whereby 
high-selectivity catalysts can be obtained with 
other Pd-metal combinations. 

Simple impregnation of Au and Pd metal salts 
onto many catalyst supports has been shown to 
generate highly active catalysts for direct HO, 
synthesis. In addition, high-temperature calcina- 
tion or reduction treatments are known to be 
crucial to improve the stability of the catalyst. As 
a starting point, we used this simple catalyst 
preparation methodology to prepare a 2.5 weight 
percent (wt%) Pd-2.5 wt % Sn/TiO, catalyst as 
well as its monometallic analogs (8, 10). A syn- 
ergistic effect toward higher H,O, productivity 
was observed when both metals were present 
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Table 1. Direct H202 synthesis and degradation testing. Catalytic testing results of the optimized 3 wt % Pd-2 wt % Sn/TiOz, 1 wt % Pd-4 wt % Sn/SiOz, and 
2.5 wt% Pd-2.5 wt % Au/TiOz catalysts after being subjected to various heat treatment regimens. H202 productivity was determined under the following reaction 
conditions: 5% H2/CO2 (2.9 MPa) and 25% O2/COz (1.1 MPa), 8.5 g solvent (2.9 g HPLC water, 5.6 g MeOH), 0.01 g catalyst, 2°C, 1200 rpm, 30 min. Second-use values 
are in parentheses. H2O02 degradation was calculated from the loss of H2O2 using standard reaction conditions: 5% H2/COp2 (2.9 MPa), 8.5 g solvent (5.6 g MeOH, 


2.22 g HO, and 0.68 g 50% H20z), 0.01 g catalyst, 2°C, 1200 rpm, 30 min. n.d., not determined. 


H202 productivity 
(mol kgcat 2 hour) 


H202 degradation 
(mol kgcat 2 hour”) 


H2 conversion H20> selectivity 
(%) (%) 


Entry Catalyst 
3 wt % Pd-2 wt % Sn/TiOz 
iL 500°C, 3 hours, air 
3 + 400°C, 4 hours, air 
4 400°C, 3 hours, air 
6 + 400°C, 4 hours, air 
7 400°C, 3 hours, air 
+ Reduced 200°C, 2 hours 
g) + 400°C, 3 hours, air 


after calcination in static air at 500°C for 3 hours 
(table S1). The measured activity of this 2.5 wt % 
Pd-2.5 wt % Sn/TiO, catalyst (62 mol kg hour’) 
is similar to that of a 2.5 wt % Pd-2.5 wt % Au/TiO, 
catalyst (8) (ie., 64 mol ke hour”). We then 
optimized the Sn/Pd ratio while maintaining a 
total metal content of 5 wt% (table S2) and found 
an optimum nominal composition, 3 wt % Pd- 
2 wt % Sn/TiOs, that exhibited an H,O, product- 
ivity of 68 mol ke? hour’ (Table 1, entry 1). By 
comparison, the HO. degradation activity of the 
optimized Sn-Pd catalyst was very low relative 
to that reported for Au-Pd systems (65 mol kg* 
hour’ for 3 wt% Pd-2 wt% Sn/TiO. versus 
235 mol kg hour” for 2.5 wt % Pd-2.5 wt % 
Au/TiO,); this result indicates that Sn is also play- 
ing a beneficial role in preventing the overhydro- 
genation and decomposition of H,0.. However, 
the Sn-Pd catalysts calcined at 500°C for 3 hours 
under static air were unstable to multiple reac- 
tion cycles (Table 1, entry 1). 

The nature of the catalyst surface, in particular 
the oxidation state of the active metal, is crucial 
to obtaining high selectivity. Therefore, we char- 
acterized this 3 wt % Pd-2 wt % Sn/TiO, catalyst 
after calcination by x-ray photoelectron spectros- 
copy (XPS). This showed that the majority of the 
surface Pd was present as Pd?*, whereas the Sn 
Auger parameter showed that SnO, was present 
in the calcined catalyst (fig. S1 and table S3). 
Analysis of the nanostructure of this catalyst 
using high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) 
and electron energy loss spectroscopy (EELS) 
revealed that the SnO, was present as a thin 
amorphous film (thickness <2 nm) coating the 
TiO, support particles (Fig. 1, A to D, and fig. S2). 
A population of 5- to 10-nm NPs was also present 
in the sample that contained a homogeneous 
mixture of both Pd and Sn (Fig. 1, A to D, and fig. 
83). Lattice fringe fitting of these particles strongly 
suggests a metallic Pd-Sn alloy structure rather than 
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Fig. 1. Microstructural analysis of 3 wt % Pd-2 wt % Sn/TiO>. (A to D) Representative STEM-HAADF 
grayscale images and STEM-EELS (RGB) maps of 3 wt % Pd—2 wt % Sn/TiO2 catalysts at the oxidized 
stage. (E to H) Images and maps as in (A) to (D) for the same catalyst at the oxidized-reduced-oxidized 
(O-R-O) stage. From the STEM-HAADF images, three distinct supported species are found in both these 
catalysts: (i) relatively large (i.e., 3 to 10 nm) nanoparticles (white arrows), (ii) smaller clusters on the 
nanometer or subnanometer scale (white circles), and (iii) continuous film covering the TiO2 support 
surface. The qualitative elemental distribution of Pd, Sn, and Ti is represented by red, green, and blue, 
respectively, in the STEM-EELS maps. As shown in (C) and (H), the continuous film mainly contains Sn, 
which either supports or embeds the smaller Pd-rich species; (D) and (G) show that the larger particles 
are Pd-Sn alloys. Scale bars in the images and maps represent 1 nm unless noted otherwise. 


segregated metal/metal oxides or mixed oxides, 
which would mean that only the surface of the par- 
ticles is oxidized. Many sub-2-nm Pd-rich NPs were 
also observed and were often associated with the 
SnO, thin films, and because these species were 


much less numerous in a 5 wt% Sn-only/TiO, sam- 
ple (fig. S4), they were primarily associated with 
the PdO, component in the bimetallic catalyst. 
A limiting factor in achieving high selectivity 
toward HO, with Au-Pd/TiO, catalysts prepared 
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Fig. 2. H2O2 direct synthesis and degradation testing of 3 wt % Pd-2 Cc 
wt % Sn/TiOz. (A) Effect of reoxidation time under static air at 400°C on 


H2O0>2 synthesis and H2O>2 degradation activity for 3 wt % Pd-2 wt % Sn/TiO2 6 
catalyst subjected to oxidation-reduction. (B) Sequential H2O.2 synthesis 
reactions over the 3 wt % Pd-2 wt % Sn/TiO2 material after O-R-O treatment. 
(C) Degradation activity of optimized O-R-O-treated 3 wt % Pd-2 wt % 
Sn/TiOz catalyst compared to 2.5 wt % Au-2.5 wt % Pd/TiO2 (8). Experi- 


mental conditions are reported in Table 1. 


by the wet impregnation method is that the cat- 
alyst nanoparticles exhibit a variation in com- 
position with particle size, with the smallest 
particles being Pd-rich (9). These small Pd-rich 
NPs are likely to be highly active for H2O» syn- 
thesis and also for its subsequent hydrogenation 
and decomposition, as has been shown when Au- 
Pd catalysts are prepared by colloidal techniques 
with particle sizes typically 2 to 4 nm (/4). In the 
case of the Sn-Pd system, the small Pd-rich NPs 
are often associated with the amorphous SnO,, 
films. We postulated that it might be possible to 
further decrease the H.O» degradation activity 
of the catalyst by inducing encapsulation of the 
ultrasmall Pd-rich NPs by this SnO, film. We 
therefore used subsequent thermal treatments 
in an attempt to induce a strong metal-support 
interaction (SMSI) between the Pd and SnO, 
layer (15-20). We first added a low-temperature 
reduction step (200°C, 2 hours, 5% Hy in Ar), 
which made the catalysts stable to multiple re- 
action cycles (Table 1, entry 2). However, the H,0, 
degradation activity increased markedly, from 
65 mol kg! hour to 300 mol kg hour™}; this 
rate increase was associated with the reduction 
of Pd?* to metallic Pd, as shown by XPS (table 
83 and fig. S1). Metallic Pd is known to be a 
more effective H.O, hydrogenation catalyst (7). 

Detailed STEM analysis of this reduced sample 
was carried out to investigate any structural 
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H,0, destroyed / mmol 


changes in the sample on reduction (figs. S5 and 
86). Analysis identified the presence of thin SnO,, 
films, sub-2-nm Pd NPs, and 5- to 10-nm NPs 
whose lattice fringe spacings and angles were 
consistent with Pd-Sn metallic alloy phases. We 
then reoxidized this reduced catalyst to restore 
Pd”* as the predominant surface species (as con- 
firmed by XPS; fig. S1 and table S3), thereby com- 
pleting an oxidation-reduction-oxidation (O-R-O) 
cycle, with the aim of encapsulating the small 
Pd species and regenerating the oxidized Pd-Sn 
surface on the larger NPs. Reoxidizing the re- 
duced catalyst for various time periods at 400°C 
under static air had little effect on the H,O, syn- 
thesis productivity but markedly decreased the 
H,O, degradation activity (Fig. 2A). After 4 hours 
of reoxidation treatment, the catalyst showed 
no activity toward H.O, degradation and could 
produce H2O, with a Hy selectivity of >95% 
(Table 1, entry 3). This catalyst was stable to 
multiple reaction cycles and showed negligible 
leaching of Sn (0 ppb) or Pd (2 ppb) during a 
30-min reaction, as measured by inductively cou- 
pled plasma mass spectrometry. This reoxidized 
3 wt % Pd-2 wt % Sn/TiO, catalyst was subjected 
to further HO, testing, including multiple se- 
quential H.O, synthesis tests (Fig. 2B). After run- 
ning the reaction five times consecutively, the HO, 
concentration increased linearly to 0.53 wt %, re- 
taining both the high H,O, synthesis and zero 


3wt% Pd - 2wt% Sn / TiO, - re-oxidized 400 °C 4h 


Productivity / mol kg" h” 


3 4 b] 


Sequential Reaction Number 


HE 2.5% Pad - 2.501% Au/ TIO, 
GB 3 wt% Pa - 2wt% Sn / TIO, 


wt% H,0, 


HO. degradation rates. This result implies that 
no subsequent decomposition or hydrogenation 
reactions of HO» took place with this catalyst. 
The reoxidized 3 wt % Pd-2 wt % Sn/TiO, catalyst 
was also tested for H»O. degradation with vary- 
ing concentrations of H,O, under a pressure of 
5% H./COz (Fig. 2C) and showed no degradation 
of HO, in solutions of up to 8 wt%, whereas the 
corresponding Au-Pd/TiO, catalyst showed sub- 
stantially higher H,O, degradation activity at 
all concentrations studied. 

The nanostructure of the catalyst after the 
O-R-O treatment was characterized to identify 
any structural changes that could be responsible 
for the observed high selectivity. Three structures 
were again revealed to be present in the catalyst: 
amorphous SnO,, films on the TiO, particles, small 
Pd species associated with these films, and larger 
Pd-Sn NPs (Fig. 1, E to H, and figs. S7 and S8). 

Detailed EELS analysis of the thin film regions 
(fig. S9) after various heat treatments indicated 
the presence of SnO,, films, which can be either 
reduced or oxidized depending on the final heat 
treatment stage, as indicated by the absence or 
presence of the O K edge in the EELS spectrum. 
In contrast to the thin films, EELS analysis of 
Sn-Pd nanoparticles (fig. S10) at different stages 
of the heat treatment cycle showed no clear O K 
edge. This confirms these nanoparticles to be 
metallic Pd-Sn alloys, at least in the bulk, which 
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is also consistent with the lattice fringe fitting. 
Some slight oxidation of the surface of these par- 
ticles is possible, as detected by our XPS measure- 
ments, but at such a level that it is below the 
detectability limit of the EELS measurements. 
The 3 wt % Pd-2 wt % Sn/TiOz catalyst after the 
O-R-O cycle shows evidence that the small Pd-rich 
NPs responsible for high hydrogenation activity 
often appear to be encapsulated in the amorphous 
SnO, layer (fig. S11). We suggest that by generating 
SMSIs that can effectively “bury” the population 
of smaller Pd-rich NPs, the H,O, degradation 
activity of the catalyst is limited (Fig. 3A). The 
larger uncovered Pd-Sn alloy NPs are then mainly 
responsible for the H,O, production and are in- 
herently less prone than Pd-Au NPs to cause sub- 
sequent H,O, degradation. The monometallic Pd/ 
TiO, catalyst that was subjected to the optimized 
O-R-O cycle (table S4, entries 1 and 2) did not in- 
duce this effect, confirming that the amorphous 
layer responsible for SMSI is not TiO,-based. 

To investigate whether this effect was unique 
to the 2 wt % Sn-3 wt % Pd/TiO, catalyst, we ap- 
plied similar heat treatment protocols to the anal- 
ogous 2.5 wt % Au-2.5 wt % Pd/TiO. system. The 
catalytic results (Table 1, entries 4 to 6) show that 
the same suppression of HO, degradation was 
also not observed for a corresponding O-R-O 
Au-Pd/TiO» catalyst. Results obtained for mono- 
metallic Pd and bimetallic Sn-Pd catalysts (table 
S4, entries 3 to 5) also indicate that the reduction 
step is crucial, as three oxidative treatments failed 
to induce the effect. Note that the 200°C reduc- 
tion temperature used in this study is much low- 
er than that typically reported to induce SMSI 


A calcined 


H,0, 
H,0, H,0 
Vs 


ni 


+ reduced 


H,0, H,O 


ry H,0, : H,0, 


effects in TiO,-only supported catalyst systems 
(21). To demonstrate the proposed SMSI effect 
with SnOs, we also prepared a “model” 5 wt % 
Pd/SnO, catalyst and studied it by electron micro- 
scopy. In the oxidized state, EELS mapping showed 
that the PdO,. particles appear to be clean (Fig. 3B 
and figs. S12 and S13), whereas after the O-R-O 
treatment, the Pd particles showed clear evidence 
of an SnO, overlayer (Fig. 3C and figs. S14 and S15). 

Further evidence that the suppression of the 
H,O, degradation does not originate from encap- 
sulation of small Pd particles by TiO, but is an 
SMSI effect arising from the secondary SnO, 
component was obtained by using a nonredu- 
cible SiO, support in place of the TiO. When the 
Sn/Pd ratio on SiOz was optimized (table S5) and 
the same O-R-O heat treatment regimen was ap- 
plied (Table 1, entries 7 to 9), the resulting 1 wt % 
Pd-4 wt % Sn/SiO. catalyst produced HO, at a 
rate of 50 mol kg hour! (Table 1, entry 9) and 
showed no activity toward subsequent HO, 
degradation. This 1 wt % Pd-4 wt % Sn/SiO, cat- 
alyst showed no propensity to decompose or 
hydrogenate HO, even in solutions containing 
up to 12 wt % H.Oz (fig. S16). Furthermore, the 
catalytic performance of the 1 wt% Pd-4 wt % 
Sn/SiO, material was stable through multiple uses 
(table S5). XPS analysis (fig. S1 and table S4) and 
electron microscopy characterization (figs. S17 
and S18) of the 1 wt % Pd-4 wt % Sn/SiO, catalyst 
showed compositional and structural features 
(i.e., amorphous SnO, films and associated ultra- 
small Pd-rich NPs, as well as larger Pd-Sn alloy 
particles) analogous to its 3 wt % Pd-2 wt % Sn/ 
TiO. counterpart. 


+ re-calcined 


= 


H,0, 


Fig. 3. Evolution of catalyst through oxidation-reduction-oxidation cycle. (A) Proposed mechanism 
for switching off H2O2 hydrogenation by small Pd-rich NPs through a strong metal-support interaction 
(SMSI). The secondary metal must both form an alloy with Pd and oxidize to form a secondary support (i.e., 
SnO,) that can encapsulate the relatively small, poorly alloyed, Pd-rich NPs after an O-R-O cycle. This step 
prevents these NPs from decomposing and hydrogenating the H2O2 product. (B and C) STEM-EELS 
mapping of a 5 wt % Pd/SnOz2 model catalyst at the oxidized (B) and O-R-O (C) stages, showing partial 
encapsulation of the Pd NP (red) by SnO, (green) after the O-R-O heat treatment cycle. The Sn intensities 


in the SnOz support area were deliberately saturated to reveal any relatively weak signals in the particle 
region. Scale bars, 1 nm. 
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Our approach of encapsulating small Pd-rich 
species generated by wet impregnation prepara- 
tions with secondary oxides can be generalized if 
the second metal oxide added to the Pd/primary 
oxide (e.g., TiO./SiO2) support system (i) shows 
no decomposition activity toward H,O, when in 
oxide form, (ii) forms an alloy or mixed oxide 
phase with Pd, and (iii) can encapsulate small 
Pd-rich particles by SMSI. Following these de- 
sign rules with the use of a nominal composition 
of 0.5 wt % Pd-4.5 wt % M/TiO, that had been 
subjected to the optimized O-R-O treatment, we 
synthesized a series of bimetallic catalysts where 
M = Ni, Zn, Ga, In, and Co. All of these catalysts 
showed activity for H,O, synthesis (30 to 64% of 
that displayed by the Sn-Pd catalyst) and no ac- 
tivity for H,O, degradation (table S6). Thus, our 
approach opens up the possibility of designing 
reusable catalysts with greatly reduced precious 
metal content while still retaining high selectiv- 
ity to H,O.. 
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Visualizing the molecular sociology at 
the HeLa cell nuclear periphery 


Julia Mahamid,’* Stefan Pfeffer,’ Miroslava Schaffer,’ Elizabeth Villa,” 
Radostin Danev,' Luis Kuhn Cuellar,’ Friedrich Forster,’ Anthony A. Hyman,” 


Jiirgen M. Plitzko,’ Wolfgang Baumeister’* 


The molecular organization of eukaryotic nuclear volumes remains largely unexplored. 
Here we combined recent developments in cryo—electron tomography (cryo-ET) to 
produce three-dimensional snapshots of the HeLa cell nuclear periphery. Subtomogram 
averaging and classification of ribosomes revealed the native structure and organization 
of the cytoplasmic translation machinery. Analysis of a large dynamic structure—the 
nuclear pore complex—revealed variations detectable at the level of individual complexes. 
Cryo-ET was used to visualize previously elusive structures, such as nucleosome chains 
and the filaments of the nuclear lamina, in situ. Elucidation of the lamina structure 
provides insight into its contribution to metazoan nuclear stiffness. 


ellular functions arise from an intricate 
network of macromolecular interactions. 
Hence it is of fundamental importance to 
decipher this “molecular sociology” of cells, 
ideally by direct visualization (7). Cryo- 
electron tomography (cryo-ET) provides three- 
dimensional (3D) images of cellular landscapes 
at increasingly higher resolutions; with cellular 
fractionations, subnanometer resolutions have 
been attained (2, 3). Structural investigations 


ta . «I 
BNE ity 


in situ sensu stricto are more challenging owing 
to a number of limitations, which can now be 
overcome; (i) cryo-focused ion beam (FIB) 
micromachining has opened windows into frozen- 
hydrated cells and tissues, otherwise too thick to 
be examined directly by transmission electron 
microscopy (TEM) (4-7). However, freestanding 
lamellas produced by cryo-FIB have little contact 
with the conductive support film, increasing the 
likelihood of beam-induced specimen charging 


a 2 
Microtubules 


in the TEM (8, 9). We resolved this by sputtering 
a fine metal coating onto the FIB-lamellas, as rou- 
tinely applied for biological cryo-scanning elec- 
tron microscopy (SEM) imaging (JO). (ii) Direct 
detectors improve the quality of cryo-TEM images 
substantially (72), and (iii) the recently developed 
Volta phase plate (VPP) enhances (phase) contrast 
especially for lower spatial frequencies without 
the need of defocusing, rendering the tomograms 
directly interpretable (9, 12, 13). Here, we com- 
bined these developments to produce in situ 
high-resolution 3D snapshots of the HeLa cell 
nuclear periphery. 

HeLa cells expressing f-tubulin:green fluores- 
cent protein and histone2B:mCherry were cultured 
on TEM grids, vitrified by plunge freezing, and 
subsequently observed by cryo-fluorescence mi- 
croscopy (J4). Interphase cells were thinned by 
FIB milling (fig. S1, A and B). A central slice 
through a cell is generated by removing the bio- 
logical material above and below an area of inter- 
est, resulting in a 200-nm-thick lamella traversing 
the whole cell (figs. S1, C and D, and $2). Data ac- 
quired with the VPP on nonconductive (uncoated) 
lamellas resulted in distorted images (fig. S3). The 
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Fig. 1. The nuclear periphery of a HeLa cell revealed by cryo-ET. (A) Tomographic slice with 8.4-nm thickness of an interphase HeLa cell thinned by cryo- 
FIB. (B) Annotated view of the tomographic data. Color labels are defined for each structure in (B) and (C). (©) Cross-section view of the segmentation in the 
vicinity of the nuclear envelope [frame in (A)]. NE: nuclear envelope; ER: endoplasmic reticulum; NPC: nuclear pore complex. 
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Fig. 2. Subvolume averages of ribosomes and 3D analysis of polysomes. (A) Average of cytoplasmic ribosomes. (B) ER-associated ribosomes were 
selected on the basis of their proximity to segmented ER-membranes and averaged independently in (C): Side view shows ER-luminal densities of the trans- 
location machinery; TRAP: translocon-associated protein complex; OST: oligosaccharyltransferase. (D) Representative polysomes on the NE membrane traced by 


an automatic approach. 


Fig. 3. The molecular organization at the nuclear envelope. 
Consecutive tomographic slices (8.4 nm) along the nucleo- 
cytoplasmic axis. Dashed lines indicate the center positions 
of three NPCs. (A) Density inside the nucleus. Inset: chains of 
nucleosomes (arrowheads). (B) Nuclear lamina. Inset: segmen- 
tation of putative lamina filaments. (©) NPCs within the NE. 
Inset: magnified central NPC. Arrowhead: ring density in the 
luminal space with radial connections to the protomer density. 
(D) The outer NE. Inset: magnified central NPC. (E) Polysomes 
and cytoskeletal filaments at the NE. IF: intermediate filaments. 


MT: microtubules. 


charges building up on the sample produced a field 
similar to that of an electrostatic lens and led to 
detrimental beam deformations at the phase plate 
plane. Thus, a thin platinum layer (<5 nm) was sput- 
tered after lamella preparation to improve conduc- 
tivity (fig. S2). Our reconstructed volumes acquired 
with the VPP exhibit high contrast, which allowed 
for direct visualization and identification of mo- 
lecular complexes inhabiting the nucleus and the 
nuclear envelope (NE) (Fig. 1 and movie S1). 

To provide a quantitative measure for the at- 
tained resolution, we subjected 80S ribosomes 
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to subvolume averaging. Cytoplasmic ribosomes 
from a single tomogram (900 particles) yielded 
an average with a resolution of 28 A (Fig. 2A and 
fig. S4A). Subsequently, ribosomes were sorted 
according to their spatial association to either 
the endoplasmic reticulum (ER) or the NE outer 
membrane (Fig. 2, B and D). An average of the 
ER-bound fraction (143 particles) yielded a reso- 
lution of 35 A (Fig. 2C and fig. S4A). ER-luminal 
densities of the translocon-associated protein 
(TRAP) complex and the oligosaccharyltransferase 
(OST) complex (15) were clearly rendered in ER- 


and NE-bound particles (Fig. 2C and fig. $4, B to 
D). Further classification revealed that OST is 
found on 33% of ER-translocon complexes, in 
agreement with the stoichiometry of OST ob- 
served with isolated rough-ER vesicles (15). 
Subtomogram averaging of individual ribo- 
somes yielded additional densities in close prox- 
imity, indicating arrangement into polysomes 
with a topology dictated by membrane association 
(fig. S4E) (76). Clustering of the angles describing 
relative neighbor positions and orientations 
(fig. S5A) revealed two highly populated classes 
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representing the left and right neighbors within 
the same polysome (fig. S5B), in which mRNA 
entry and exit sites of adjacent ribosomes allow 
threading of an interconnecting mRNA molecule 
on a smooth path (fig. S5C). We then performed 
automatic tracing of polysomes to quantify ribo- 
some organization at the level of individual poly- 
somes (Fig. 2D and table S1) (74). A large fraction 
of membrane-bound ribosomes were associated 
into polysomes comprising up to 10 particles and 
exhibiting a close-packed arrangement with a 
mean distance of 28 nm. This analysis provided a 
detailed description of the native structure and or- 
ganization of the cytoplasmic translation machin- 
ery in human cells, recapitulating information 
obtained from microsomes (15, 16) in a single in 
situ data set. 

Large complexes tend not to be strictly deter- 
ministic and are often subject to functional and 
structural variations, which are obscured by aver- 
aging. We therefore set to investigate whether 
the quality of our data would allow characteri- 
zation of individual complexes. A cross-sectional 
view of the NE (Figs. 1C and 3) shows four nu- 
clear pore complexes (NPCs), in which we visually 
identified the eight protomers at the level of the 
spoke (Fig. 3C) and the cytoplasmic rings (Fig. 
3D). An additional ring density surrounding the 
membrane is distinguished within the NE lu- 
men at the level of the spoke ring (Fig. 3C, inset: 
arrowhead). Structures at these positions were 
previously described as discrete luminal densities 
(17, 18). Here, these densities formed a com- 
plete flexible ring with radial connections to the 
protomers. 

The superior contrast provided by the VPP is 
demonstrated in comparison to data acquired at 
6-um defocus (fig. S6). Density profiles of the NPC 
obtained from data acquired with and without 
the VPP show similar variation in the intensities 
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(Fig. 4, A to C). However, the contrast is im- 
proved by almost 60% with the VPP despite a 
lower electron dose (60 e/A? with VPP versus 
100 e/A? with defocus). This allowed us to examine 
previously reported variations in NPC diameter 
(17, 18). We extracted subvolumes of eight com- 
plete NPCs from three interphase cells and per- 
formed alignment and averaging. The average 
reproduced the densities for the cytoplasmic and 
nuclear rings previously described for the human 
NPC obtained both in situ and from purified nu- 
clei (Fig. 4D and fig. $7) (18, 19). Deviations from 
previous structures were evident for the pore di- 
ameter in the spoke ring (fig. S7C). We determined 
the membrane circumference at the spoke ring 
level for each of the eight particles and our aver- 
age and found up to 13% difference in the mean 
particle diameter between the individual pores 
(Fig. 4E, fig. S8, and table S2). Within the same 
particle, we observed radial variations of up to 
18%. Complexes from the same cells were more 
homogeneous among themselves, a phenome- 
non recapitulated in the averages (fig. S8 and 
table S2), pointing to the intriguing possibility 
that variations in pore dimensions are related 
to specific physiological states. This confirmed 
previous observations of NPC plasticity and 
illustrates the problem of analyzing large flexible 
structures by averaging methods. At the same 
time, it emphasizes the importance of obtain- 
ing high-quality primary data allowing analy- 
sis of individual complexes. 

A network of intermediate filaments, forming 
the nuclear lamina underlying the NE, is thought 
to provide mechanical support to the nucleus 
(20). TEM images of the lamina are rare (2/, 22), 
and 10-nm-diameter filaments arranged on an 
orthogonal lattice have been described in prep- 
arations of Triton-extracted and metal-shadowed 
oocyte NEs (20). Here, a volume of 30 nm in 


Fig. 4. Tomographic reconstruction and average 
of the nuclear pore complex. (A) Tomographic 
slices (8.4 nm) obtained at 6-um defocus (right: 
FFT at zero tilt) and (B) with VPP at 700-nm defo- 
cus (right: FFT at zero tilt; dashed line indicates first 
zero). (C) Intensity profiles within yellow boxes in 
(A) and (B). (D) Average of NPCs perpendicular to 
(top: a protomer is delineated by dashed yellow 
line) and along the nucleo-cytoplasmic axis (bot- 
tom, higher threshold). CR: cytoplasmic ring; OM: 
outer membrane; LR: luminal ring. SR: spoke ring; 
IM: inner membrane; NR: nuclear ring. NB: nuclear 
basket. (E) Filtered 2D central slices of the average 
and representative particles. 


thickness underlying the NE is dominated by 
entangled, 4-nm-diameter filaments (Fig. 3B and 
fig. S9, B and C). The filaments’ diameter in the 
somatic HeLa cells is in agreement with molec- 
ular models proposed for the structure of lamins; 
namely, dimers of coiled-coils assembled head- 
to-tail (23). 

Segmentation of such thin structures is chal- 
lenging; nevertheless, careful inspection of traced 
filaments allowed us to obtain an estimate of their 
flexibility. We measured a persistence length of 
~560 nm (fig. S10 and table S3), well within the 
range described for intermediate filaments and 
lamins obtained ex situ (22-25). However, the 
small filament diameter determined herein re- 
sulted in a radically higher elastic modulus for 
the putative lamina fibrils than what could pre- 
viously be derived based on a diameter of 10 nm 
(1/4). An elastic modulus of 190 MPa calculated 
for the individual filaments recapitulates meas- 
urements on whole nuclei, primarily attributed 
to lamin A (26), suggesting that the fine isotropic 
matrix is the key player in conferring high stiff- 
ness to metazoan nuclei. 

The complex molecular organization at the NE 
is demonstrated in Fig. 3. Nuclear volumes ex- 
hibit regions of dense material, wherein chains 
of 10-nm-diameter toroid densities are observed 
(Fig. 3A and fig. S9A). The morphology of the 
abundant nuclear complexes is reminiscent of 
nucleosome core particles (27) arranged in a 
staggered conformation of nucleosome chains 
(28). The clarity with which the individual com- 
plexes are discerned should allow unambiguous 
localization of single nucleosomes by template 
matching (29) and determining their connectivity. 
Variations in chromatin density correlate with the 
appearance of the lamina filaments, and they are 
both diminished in the vicinity of NPCs (Fig. 3, A 
and B). Extensive polysomes reside on the outer 
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NE membrane (Fig. 3, D and E). The cytoplasm 
contains filaments of the cell’s cytoskeleton, dis- 
tinguishable according to size and morphology: 
actin fibers with a helical pitch, smooth inter- 
mediate filaments of variable diameters, and 13- 
protofilament microtubules (Fig. 3E and fig. S10). 
Occasionally, actin filaments formed direct phys- 
ical connections to NPCs (Fig. 3E). With the NPCs 
embedded within the stiff lamina on one side 
and directly connected to the cytoskeleton on the 
other, it becomes feasible to comprehend how 
NPC diameter may differ considerably upon the 
action of mechanical forces. 

In conclusion, the volumes reconstructed from 
these data reveal that many macromolecular 
complexes can be visually recognized without 
the need for computational averaging approaches 
and provide insight into structural variations at 
the level of individual complexes. Assisted by the 
synergistic application of recent technical devel- 
opments, cryo-ET holds promise for revealing the 
molecular organization giving rise to cellular 
function in unperturbed environments. 
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FOREST ECOLOGY 


Leaf development and demography 
explain photosynthetic seasonality in 
Amazon evergreen forests 


Jin Wu,” Loren P. Albert,’ Aline P. Lopes,” Natalia Restrepo-Coupe,”* 

Matthew Hayek,* Kenia T. Wiedemann,’* Kaiyu Guan,”’® Scott C. Stark,’ 

Bradley Christoffersen,’* Neill Prohaska,' Julia V. Tavares,” Suelen Marostica,” 

Hideki Kobayashi, Mauricio L. Ferreira,’°™ Kleber Silva Campos,’” Rodrigo da Silva,'” 
Paulo M. Brando,!** Dennis G. Dye,’* Travis E. Huxman,’® Alfredo R. Huete,? 


Bruce W. Nelson,” Scott R. Saleska’* 


In evergreen tropical forests, the extent, magnitude, and controls on photosynthetic seasonality 
are poorly resolved and inadequately represented in Earth system models. Combining camera 
observations with ecosystem carbon dioxide fluxes at forests across rainfall gradients in 
Amazénia, we show that aggregate canopy phenology, not seasonality of climate drivers, is the 
primary cause of photosynthetic seasonality in these forests. Specifically, synchronization 

of new leaf growth with dry season litterfall shifts canopy composition toward younger, 

more light-use efficient leaves, explaining large seasonal increases (~27%) in ecosystem 
photosynthesis. Coordinated leaf development and demography thus reconcile seemingly 
disparate observations at different scales and indicate that accounting for leaf-level phenology 
is critical for accurately simulating ecosystem-scale responses to climate change. 


he seasonal rhythm of ecosystem metabolism— 
the aggregated photosynthesis, transpiration, 
or respiration of all organisms in a landscape— 
emerges from interactions among climate, 
ecology of individuals and communities, and 
biosphere-atmosphere exchange (J). In temper- 
ate zones, seasonality of terrestrial production 
drives annual oscillations in atmospheric carbon 
dioxide (2). In the tropics, plant transpiration 
seasonality mediates tropical convection and the 
timing of dry-to-wet season transitions—a poten- 
tially important climate feedback (3). 
Seasonality in temperate zones is tightly linked 
to plant phenology (4) (the timing of periodic life- 
cycle events, including leaf development and 
senescence), which in turn is synchronized by cold- 
season dormancy (4). However, the extent, mag- 
nitude, and controls on seasonality of ecosystem 
metabolism in year-round warm tropical ever- 
green forest systems are less clear (5-7). For 
example, most current Earth system models repre- 
sent little or no phenology in evergreen tropical 
biomes, so any seasonality in photosynthetic flux 
that emerges is due to seasonality in climatic dri- 
vers (8-10). However, remote-sensing observations 
(5-7, I-13) suggest that central Amazon forests 


seasonally increase their photosynthetic capacity 
(“green-up”) during dry seasons, whereas south- 
ern Amazon and African tropical forests show 
declines (73). There is extensive debate over the 
mechanisms driving these patterns (including 
whether they might be remote-sensing artifacts) 
(5—7) and how they might be modeled (8-10, 14). 

To determine the extent of seasonality in 
tropical ecosystem photosynthesis (or gross eco- 
system productivity, GEP), and to develop a 
more mechanistic understanding of how it 
emerges from climatic and biological processes, 
we address two key questions: (i) What is the rel- 
ative importance of climatic drivers versus plant 
phenology in controlling GEP seasonality? (ii) 
What are the mechanisms by which these fac- 
tors exert control? These questions conceptualize 
GEP as potentially driven by climate variability 
(e.g., temperature, light, or water) interacting 
with fixed photosynthetic infrastructure (e.g., 
leaf surface area, leaf photosynthetic capacity), 
or alternatively, by variability in that photo- 
synthetic infrastructure, or some combination 
of the two. 

To evaluate the first question, we compared 
GEP seasonality (derived from eddy covariance 
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measurements of ecosystem CO, exchange) to 
candidate explanatory variables at four Amazon 
sites distributed across gradients in rainfall and 
taxonomic composition. These variables include 
(i) five key climatic variables (75) and (ii) a metric 
of aggregate forest canopy phenology. The phenology 
metric—ecosystem-scale photosynthetic capacity 
(PC)—is an estimate of photosynthetic infra- 
structure independent of environment, derived 
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by averaging the amount of photosynthesis per 
unit of incoming light, under fixed reference 
climatic conditions (75). 

We found that GEP was strongly seasonal at 
all sites, but was not consistently driven by cli- 
mate variability (Fig. 1 and table S4). Instead, 
GEP consistently tracked PC seasonality across 
all four sites (coefficient of determination R? = 
0.82 - 0.92; Fig. 1), notably including both water- 
sufficient sites (Fig. 1, A to C), which increase 
photosynthesis (i.e., “green-up”) in the dry season, 
and a water-limited site (Fig. 1D), which decreases 
photosynthesis in the dry season. PC phenology 
thus appears to be the primary driver of GEP 
seasonality in these forests. This contrasts with 
most ecosystem models, which represent tropical 
evergreen forests’ GEP seasonality as arising pri- 
marily from climate variability interacting with 
aseasonal photosynthetic infrastructure (8, 10). 
It also contrasts with observations at shorter 
diel time scales, during which large GEP changes 
closely track light levels (photosynthetically active 
radiation, PAR), whereas PC remains fixed (fig. S11). 

We then evaluated the second question: What 
are the mechanisms driving seasonal changes 
in PC? We first used tower-mounted cameras— 
widely used in temperate zones (16), but not 
previously in the tropics (15)—to observe dynam- 
ics of leaf quantity metrics in three forests (the 
drier k67 site near Santarém, the wetter k34 site 
near Manaus, and ATTO in between Santarém 
and Manaus; fig. S1). 

We found that seasonality in camera-derived 
leaf area index (LAT) (15) (figs. S5 and S8) and in 
the fraction of PAR absorbed by leaves (FAPAR)— 
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common biotic drivers in photosynthesis models— 
were insufficient to account for PC seasonality at 
the two sites with long-term eddy flux measure- 
ments (Fig. 2, A to D). Though LAI and FAPAR 
significantly increased during dry seasons at 
both sites, their increases preceded PC by at 
least 1 month, and their relative amplitudes were 
much smaller than that of PC, which increased 
proportionally twice as much as LAI and 10 times 
more than FAPAR. Thus, typical photosynthesis 
models, which predict that changes in GEP are 
driven by proportional changes either in PAR 
(climate) or in FAPAR (biology), would not be 
able to represent observed photosynthetic sea- 
sonality of these forests. 

In addition, remotely sensed vegetation activity— 
as observed by the Enhanced Vegetation Index 
from Moderate-Resolution Imaging Spectroradio- 
meter (MODIS) [MAIAC EVI rigorously corrected 
for clouds, aerosols, and Sun-angle artifacts (17)]— 
closely tracked the magnitude and timing of LAT 
seasonality (Fig. 2, A to D). In sum, though phe- 
nological metrics of leaf quantity from multiple 
platforms (ground, tower, and satellite) all showed 
consistent dry-season increases in the central 
Amazon, these increases were systematically 
too small to explain the variation in PC that we 
found is responsible for GEP dynamics in these 
forests (Fig. 2, C and D). 

Next, investigating effects of leaf quality (photo- 
synthetic capacity per leaf area) (9, IJ, 18), we 
found that increasing leaf losses (litterfall) during 
dry seasons are more than compensated by sim- 
ultaneous increases in new leaf production (Fig. 
2, E and F). This dynamic drives net increases in 


Dry season 
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Fig. 1. Gross ecosystem productivity (GEP) seasonality at four Amazon 
forests is highly correlated with seasonality in intrinsic canopy photo- 
synthetic capacity (PC), but not with seasonality in climatic driving 
variables (rainfall and photosynthetically active radiation, PAR). Flux 
tower sites are in three equatorial forests: (A) Tapajés National Forest 
(k67 site near Santarém); (B) Cuieiras Reserve (k34 site near Manaus); 
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dry seasons. 


(C) Caxiuana National Forest (CAX near Belem); and in one southern (10°S) 
forest, (D) the Jaru Reserve (RJA) (15). Monthly values of GEP, PC, and PAR 
are averages from 2002-2005 and 2009-2011 at k67 (n = 7 years), 1999-— 
2006 at k34 (n = 8), 1999-2003 at CAX (n = 4), and 1999-2002 at RJA (n = 3). 
Error bars are + 1 SEM. MAP, mean annual precipitation. Shading indicates 
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LAI, but also significantly shifts the age compo- 
sition of these canopies toward younger leaves, 
which should have higher average “quality” than 
the older leaves they replace (11, 19). 

To test whether simultaneous changes in 
leaf quantity and quality could account for the 
large variations in PC and thus GEP, we rep- 
resented their dynamics in a “leaf demography- 
ontogeny model” (15) (fig. S10). In this model, 
demography partitions leaf quantity (LAT) into 
separate age classes, and ontogeny (leaf develop- 
ment) assigns a different “leaf quality” (photo- 
synthetic capacity) to each age class, and these 
jointly determine ecosystem PC. Driven by new 
leaf production (assumed to contribute only to 
young LAI) and by ground-observed litterfall 
(assumed to come only from old LAT), and con- 
strained to match the mean seasonality of camera- 


observed total LAI, the model is fit by adjusting 
parameters of leaf aging and leaf quality (15) 
(fig. S10) to optimize the match between simu- 
lated and observed PC at the k67 site (Fig. 3A). 
Optimized PC simulations closely tracked ob- 
served PC at k67 (R? = 0.91; Fig. 3A, upper panel), 
which rose and fell with the simulated abundance 
of the mature (3 to 5 months old) age class (Fig. 
3A, lower panel). This correspondence indi- 
cates that the mature leaves have the highest 
photosynthetic capacity and explains the time 
lag between PC and total LAI (Fig. 2, A and B) 
as a consequence of leaf maturation time [the 
time to transition from young (LAJy) to mature 
(LAIy,), fig. S10]. A sensitivity analysis showed 
that varying leaf quality alone could explain 
about twice as much seasonal variation in eco- 
system PC as leaf quantity alone, consistent with 


a previous simpler analysis at a single site near 
k67 (11). The same leaf demography-ontogeny 
model [using the same parameters fit for k67, but 
driven by local k34 LAI and litterfall and scaled 
so that their mean values match (15)] well pre- 
dicted seasonality of ecosystem PC (R? = 0.89; 
Fig. 3B, upper panel) at k34 near Manaus, 600 km 
away, with a shorter dry season and more rain- 
fall. That it does this without reparameterization 
strongly supports leaf demography and ontogeny 
as general mechanisms of photosynthetic sea- 
sonality in central Amazonian forests. 

For validation, we found that simulated sea- 
sonality of young leaves matches ground-based 
observations of leaf flushing rates (12) (Fig. 4A, 
R° = 0.95) and that differences with age among 
model-fitted leaf-level photosynthetic parame- 
ters were consistent with field-measured maximum 
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Fig. 2. Leaf quantity alone cannot explain PC seasonality, highlighting 
the importance of leaf quality. (A and B) Average annual cycle of pho- 
tosynthetic capacity (PC) (thick black lines, from Fig. 1) has higher amplitude 
[at both (A) k67, a long dry-season forest near Santarem, and (B) k34, a short 
dry-season forest near Manaus] than three key phenological metrics used to 
drive photosynthesis models: leaf area index (LAI, black circles), fractional 
absorption of incoming sunlight (FAPAR, gray stars), and the satellite-derived 
enhanced vegetation index (MAIAC EVI, gray squares). Metrics are scaled so 
that a given fractional increase is the same magnitude across metrics, relative 
to the annual minimum. (C and D) Average dry-season increase (relative to 
annual minimum) in eddy flux—derived PC (in hatched bars) and its candidate 
explanatory variables (in gray bars)—satellite-derived MAIAC EVI, camera- 
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derived LAI, and FAPAR at (C) k67 and (D) k34. (E and F) Average annual cycle 
of litterfall (black squares) and new leaf production (gray circles) at the same 
two sites [(E) k67 and (F) k34] shows that modest dry-season increases in LAI 
[in (A) and (B)] are associated with rapid leaf turnover due to coordinated leaf 
loss and new leaf production. Grayed months are local dry season (<100 mm 
of monthly precipitation). Observations from k67 tower (flux-derived data, 
2002-2005 and 2009-2011, n =7; camera-derived data 2010-2011, n= 2), 
from a nearby biometric plot (12) (litterfall, 2001-2005, n = 5), and from 
MODIS satellite (2003-2012, n = 10); observations from k34 tower (flux- 
derived data, 1999-2006, n = 8; camera-derived data 2012-2013, n = 2), from 
anearby biometric plot (litterfall, 2004-2008, n = 5), and from MODIS satellite 
(2003-2012, n = 10). Error bars are + 1 SEM. Shading indicates dry seasons. 
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carboxylation rates (Vmax) across these age 
classes (Fig. 4B). These results substantially 
advance previous work (JZ) by showing that a 
common phenological mechanism operates across 
the central Amazonian rainfall gradient, and by 
demonstrating this mechanism with a model 
that could be used to represent leaf demography 
in larger ecosystem models. 


Our study provides evidence that despite 
enormous biodiversity (20), synchronization 
of leaf phenology patterns among leaf flush- 
ing species and at different sites (hundreds of 
kilometers distant) is sufficient to drive con- 
vergent ecosystem-scale seasonal patterns of 
forest productivity. Such dynamics are not easily 
captured by standard phenology metrics (LAI, 


FAPAR, or satellite vegetation indices like EVD, 
but are evidently critical for understanding mech- 
anisms underlying evergreen tropical forest func- 
tional dynamics. 

This work has two implications for under- 
standing controls on tropical forest photosynthesis. 
First, it reconciles much-debated discrepancies 
between different spatial scales of observation. 
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Fig. 3. Leaf demography-ontogeny model simulations. (A) Observed and simulated PC seasonality at k67 (upper panel), and associated simulations of 
LAI in three leaf age classes (three different shades of gray), constrained to sum to total camera-observed LAI (thick black line), with optimal residence times for 
each age class shown in the legend (lower panel). (B) Observed and model-predicted PC seasonality at the wetter k34 site, with parameters optimized for 
k67 and then scaled to adjust for intersite PC differences (upper panel); associated k34 modeled LAI in three leaf age classes (three different shades of 
gray); and total camera-observed LAI (black line) (lower panel). Shading indicates dry seasons. 
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For example, previous work at k67 (27) reported 
little seasonality in leaf-scale photosynthetic 
parameters, concluding that leaf-level produc- 
tivity did not explain seasonality of ecosystem 
productivity. However, that analysis focused on 
mature leaves only, neglecting the demography 
and ontogeny here shown to be critical for scal- 
ing leaf-level photosynthesis to ecosystems. 

At larger scales, this study supports the hy- 
pothesis that leaf-demographic mechanisms un- 
derlie seasonal increases in tropical vegetation 
productivity seen from satellites (6, 7, 13). And, 
because leaf stomates link evapotranspiration 
to photosynthesis, these mechanisms may also 
facilitate the dry-season maxima in water fluxes 
(fig. S4). By moistening the dry-season atmo- 
spheric boundary layer, these fluxes hasten tran- 
sition to the wet season ahead of the southward 
migration of the intertropical convergence zone 
(3). Further, because dry-season water fluxes in 
South America may influence the timing of the 
North American Monsoon demise (22), tropical 
leaf phenology may contribute to important 
ecologically mediated teleconnections (23) in the 
climate system. 

The second implication is that leaf phenology 
is needed to correctly detect, attribute, and model 
climate sensitivity of tropical forests. Empirical 
studies that analyze climatic sensitivity of carbon 
and water fluxes without accounting for phe- 
nology (24, 25) will misattribute phenological 
changes to climatic causes. Models that are tuned 
to match current observations while assuming 
that LAI or FAPAR are aseasonal risk making 
erroneous predictions of forest response to fu- 
ture climate changes. 

This work highlights the importance of leaf 
level phenology—especially coordination of leaf 
growth with senescence—in regulating land sur- 
face fluxes of carbon and water, and of associated 
feedbacks to climate. The causes of phenological 
patterns may arise from adaptive strategies for 
avoiding herbivores or pathogens (26) or for op- 
timizing plant physiology for carbon gain under 
seasonal resource availability (13, 27-29). Ulti- 
mately, understanding the evolutionary and phys- 
iological basis for phenological mechanisms may 
be critical to predicting the long-term response and 
resiliency of tropical forests to changing climate. 
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CIRCADIAN RHYTHMS 


Synchronous Drosophila circadian 
pacemakers display nonsynchronous 
Ca’ rhythms in vivo 


Xitong Liang, Timothy E. Holy, Paul H. Taghert* 


In Drosophila, molecular clocks control circadian rhythmic behavior through a network 

of ~150 pacemaker neurons. To explain how the network’s neuronal properties encode 
time, we performed brainwide calcium imaging of groups of pacemaker neurons in vivo for 
24 hours. Pacemakers exhibited daily rhythmic changes in intracellular Ca2* that were 
entrained by environmental cues and timed by molecular clocks. However, these rhythms 
were not synchronous, as each group exhibited its own phase of activation. Ca** rhythms 
displayed by pacemaker groups that were associated with the morning or evening locomotor 
activities occurred ~4 hours before their respective behaviors. Loss of the receptor for the 
neuropeptide PDF promoted synchrony of Ca** waves. Thus, neuropeptide modulation is 
required to sequentially time outputs from a network of synchronous molecular pacemakers. 


ircadian clocks help animals adapt their 
physiology and behavior to local time. The 
clocks require a highly conserved set of genes 
and proteins (7) operating through molecular 
feedback loops to generate robust rhythms 
that produce a 24-hour timing signal (2). These 
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clocks are expressed by pacemaker neurons, which 
themselves are assembled into an interactive net- 
work (3). Through network encoding and cellular 
interactions, pacemaker neurons in the supra- 
chiasmatic nucleus (SCN) of the mammalian brain 
coordinate many circadian rhythmic outputs (4-7). 
To study how molecular clocks couple to network 
encoding and how network encoding relates 
to specific behavioral outputs, we conducted 
an in vivo brainwide analysis of the circadian 
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pacemaker network in Drosophila across an en- 
tire 24-hour day. 

This network contains ~150 synchronized pace- 
maker neurons (8, 9) (fig. S1), yet it produces 
biphasic behavioral outputs—the morning and 
evening peaks of locomotor activity (Fig. LA). 
The molecular clocks are entrained by environ- 
mental cues and by network interactions, for 
example, by release of the neuropeptide PDF 


(pigment-dispersing factor) (10). Genetic mosaic 
studies indicate that morning and evening peaks 
of locomotor activity are controlled by distinct 
pacemaker groups (J/-J4) (Fig. 1B). We reasoned 
that (i) synchronous signals from the pacemaker 
network might diverge in downstream circuits or 
Gi) the pacemaker network might itself generate 
different timing signals to downstream circuits. 
To explore this, we developed an in vivo imaging 


assay to monitor the intracellular Ca?* concen- 
tration ((Ca?*],) in pacemaker cell bodies over a 
~24-hour period (Fig. 1C and supplementary 
materials). Intracellular Ca?* dynamics directly re- 
flect amounts of neuronal activity, and Ca?* im- 
aging allows monitoring activity across neuronal 
ensembles (15). 

We used objective-coupled planar illumina- 
tion (OCPI) microscopy (16), which illuminates an 
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Fig. 1. Ca* activity patterns in circadian pacemaker neurons in vivo. 
(A) Schematic representations of bimodal behavioral rhythms (top) that are 
driven by a pacemaker network that displays synchronous, unimodal molecular 
clocks. (B) Map of the eight major clock pacemaker groups in the fly brain; those 
imaged for GCaMP6s signals are underlined. Numbers in parentheses indicate 
the cell number per group. (C) Illustration of method for long-term in vivo im- 
aging; the head is immersed in saline while the body remains in an air-filled 
enclosure (see supplementary materials for details). (D) A representative im- 
age of tim>GCaMP6s signals showing the locations of five identifiable pacemaker 
groups. (E) Representative images showing 24-hour Ca** activity patterns of 
five identifiable groups. Scale bars, 20 um. (F) Average Ca** transients in the 
five pacemaker groups as a function of circadian time (n = 13 flies). Gray aspect 
indicates the period of lights-off during the preceding 6 days of 12:12 photo- 
entrainment. (G) Phase distributions of 24-hour Ca** transients in different 
pacemaker groups [data from (F)]. Each colored dot outside of the clock face 
represents the calculated peak phase of one group in one fly, as described in 
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the supplement. Colored arrows are mean vectors for the different clock neuron 
groups. The arrow magnitude describes the phase coherence of Ca** transients 
in a specific pacemaker group among different flies (n = 13; not all five groups 
were visible in each fly because of the size of the cranial windows; see table S1). 
ue is the phase difference between M cells (s-LNv) and E cells (LNd). (H) The 
average activity histogram of tim>GCaMP6s,mCherry.NLS flies in the first day 
under constant darkness (DD1). Arrows indicate behavioral peak phases (orange, 
morning; blue, evening). Dots indicate SEM (n = 47 flies). (I) Phase distribu- 
tions of behavioral peaks indicated by arrows in (H) (asterisks, peak phases of 
individual flies; orange, morning; blue, evening). Wye is the phase difference 
between morning and evening behavioral peaks. (J) Comparing phase differ- 
ences between M cells (s-LNv) and other pacemaker groups (potential E cells); 
the difference between s-LNv and LNd (tna) best compares to the behavioral 
Yue: 1.S., not significant; asterisk denotes significantly different groups (P < 
0.05) by analysis of variance (ANOVA) followed by post hoc Tukey tests. ‘Yiv.tNa 
matched behavioral ¥yc (t test, P= 0.91; f test, P = 0.65). Error bars denote SEM. 
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entire focal plane simultaneously; this method ac- 
celerates volumetric imaging and reduces photo- 
toxicity caused by repeated illumination. To permit 
imaging, we made cranial holes in the heads of 
living tim > GCaMP6s flies, which express the 
Ca?* sensor GCaMP6s in all pacemaker neurons 
(15) (Fig. 1C), and monitored [Ca?*]; in five of the 
eight major pacemaker groups: small lateral neu- 
ron ventral (s-LNv), large lateral neuron ventral 
(l-LNv), lateral neuron dorsal (LNd), dorsal neu- 
ron 1 (DN1), and dorsal neuron 3 (DN3) (Fig. 1D). 
Each of the five groups displayed a prominent 
peak of [Ca?*], during the 24-hour recording 
sessions, and each peak had distinct timing 
(Fig. 1E). To test whether these Ca?* dynamics 
reflected intrinsic circadian patterning, we began 
24-hour recording sessions at different zeitgeber 
times (ZT). In all such recordings, the peaks of Ca?* 
activity reflected the pacemaker group identity, 
not the time at which recordings began (fig. S2). 
Thus, Ca?* varies in pacemaker neurons sys- 
tematically as a function of the time of day ac- 
cording to biologically defined rules of entrainment 
(Fig. 1F). 

Three Drosophila pacemaker groups (I-LNv, 
s-LNv, and DNip) show morning peaks of elec- 
trical activity when measured in acutely dissected 
brains (17-19). Thus, the phases of Ca?* rhythms 
we observed are roughly coincident with, or slight- 
ly anticipate, their peak electrical activity. Ca?* 
rhythms produced by different pacemaker groups 
were similar in amplitude (Fig. 1F) but different 
in waveform (fig. S3) and phase (Fig. 1G). We 
confirmed our results using the fluorescence res- 
onance energy transfer (FRET)-based cameleon2.1 
imaging method (20), for which the ratio of fluo- 
rescence between yellow and cyan fluorescent 
proteins reflects [Ca?*], independent of the abun- 
dance of the sensor. [Ca?*]; estimated by this as- 


say exhibited a factor of ~2 circadian variation, 
with temporal patterns consistent with those ob- 
tained with GCaMP6s (fig. S4). In addition, the 
[Ca?*], rhythms did not result from experimental 
activation of CRYPTOCHROME (fig. S5). These ob- 
servations demonstrate that the Drosophila pace- 
maker network exhibits stereotyped and diverse 
spatiotemporal patterns of Ca?" activity during 
the course of the 24-hour day. 

We compared this diversity of Ca?* activity pat- 
terns with the diversity of pacemaker functions. 
Pacemaker functions have been revealed by ge- 
netic mosaic experiments, as exemplified by the 
categorization of M (morning) and E (evening) 
cells (11-14). These autonomous oscillators primar- 
ily drive the morning and evening peaks of loco- 
motor activity, respectively. The phase relationships 
(YZ) between the peaks of Ca?* rhythms in ca- 
nonical M (s-LNv) and E (LN) cells and the two 
daily peaks of locomotor activity were highly cor- 
related (Fig. 1, H to J). In M cells, the Ca?* rhythm 
peaked toward the end of the subjective night, 
whereas in E cells it peaked toward the end of 
the subjective day (Fig. 1F). The ~10-hour phase 
difference between Ca”* rhythms in M and E 
pacemakers is similar to the ~10-hour phase dif- 
ference between the morning and evening behav- 
ioral peaks (Fig. 1J). Thus, M and E pacemaker 
Ca’* activations precede by ~4 hours the behav- 
ioral outputs they control. The distinct phases 
of Ca* rhythms in the other three pacemaker 
groups (l-LNv, DN1, and DN3) may also involve the 
morning and evening behavioral peaks, or may 
regulate other, distinct circadian-gated outputs. 

The E category of pacemakers includes the 
LNd as well as the fifth s-LNv (11-14). However, 
the LNd is a heterogeneous group of neurons 
that exhibits diverse entrainment properties (21); 
likewise, the critical fifth s-LNv could not be un- 
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ambiguously identified with tim-GALA. To better 
understand the function of these subsets of E 
pacemakers, we used a PDF receptor [pdfr(B)] 
GALA driver (22); this driver restricts GCaMP6s 
expression to s-LNv, to three of six LNds, and to 
the single fifth s-LNv (Fig. 2A). The three PDFR- 
expressing LNds and the fifth s-LNv displayed the 
same basic E cell pattern of Ca”* activity—a peak 
in late subjective day—which suggests that they 
both function as circadian pacemakers (Fig. 
2B). Thus, the phase difference between Ca* 
rhythms in these PDFR-expressing M and E cell 
groups again matched that between the morn- 
ing and evening behavioral activity peaks (Fig. 
2, C to F). 

M and E cell categorization supports a clas- 
sic model of seasonal adaptation (23) wherein 
a two-oscillator system responds differentially 
to light and so can track dawn and dusk inde- 
pendently. For example, under long-day condi- 
tions, light accelerates a “morning” clock and 
decelerates an “evening” clock. If these Ca?* 
rhythms are critical output features of M and E 
cells, their properties may also reflect differences 
in photoperiodic entrainment. We entrained flies 
under either long-day (16 hours light, 8 hours 
dark) or short-day (8 hours light, 16 hours dark) 
conditions. In these flies, the phase difference 
between the morning and evening behavioral 
activity peaks tracked dawn and dusk (fig. S6). 
Likewise, the phases of pacemaker Ca?* rhythms 
also tracked dawn and dusk (Fig. 3, A, B, E, 
and F, and fig. S7). Regardless of the photo- 
periodic schedule, the s-LNv (M cells) always 
peaked around dawn, whereas the LNd (E cells) 
always peaked before dusk (Fig. 3, B to D and 
F to H). Thus, Ca”* activity patterns within the 
pacemaker network correspond to the circadian 
temporal landmarks of dawn and dusk. 
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We tested whether changes in the molecular 
oscillator would alter the patterns of [Ca?*];. We 
used different alleles of the gene period, which en- 


codes a state variable of the Drosophila circadian 
clock. In per” (null) mutant flies, which lack in- 
herent rhythmicity in their molecular oscillators and 


in free-running behavior (24, 25) (fig. S8), all clock 
neurons showed reduced rhythmicity in [Ca?*];. 
The amplitudes of Ca”* fluctuations were reduced 
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Fig. 3. Effects of environmental information and molecular clocks on 
the spatiotemporal patterns of Ca”* activity in the pacemaker network. 
(A and E) Ca?* transients: (A) under long (16:8 LD) photoperiod (n = 6 flies) 
and (E) under short (8:16 LD) photoperiod (n = 6 flies). (B and F) Ca** rhythm 
phases under long photoperiod (B) and under short photoperiod (F). The 
shaded circular sectors indicate lights-out periods of 8 hours (B) and 16 hours 
(F). Note that M cells (s-LNv, orange) peaked around lights-on and E cells (LNd, 
blue) peaked before lights-off, regardless of photoperiod. (C and G) The phases 
of behavioral peaks in DD1 after 6 days of photoperiodic entrainment: (C) long 
photoperiod (n = 13 flies) and (G) short photoperiod (n = 12 flies). See fig. S5 for 
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mutants (n = 6 flies). (M) Ca** rhythm phases of per® mutants. (N) Phases 
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(O) ¥utna Matched behavioral Wye (t test, P = 0.83; f test, P = 0.13). 
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by half (Fig. 3, I and K) and coherence was lost 
within groups (Rayleigh test, P > 0.5; Fig. 3J and 
table SI). In fast-running per* mutant flies, which 
have a free-running period of ~19 hours (24, 25) 
(fig. S9), the Ca?* rhythms were phase-shifted (Fig. 3, 
Land M, and fig. S10), consonant with the direction 


A paftrhan5304. tims GCaMP6s,mCherry 


of behavioral phase shifts (Fig. 3N and fig. S9). The 
phase difference between Ca?* rhythm peaks in 
per® M and E pacemakers still matched the phase 
difference between M and E behavioral peaks (Fig. 3, 
N and O). Thus, molecular clocks determine the 
pace of Ca?* rhythms in the pacemaker network. 
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To explore how synchronous molecular clocks 
can have phases of Ca?" activation that are stag- 
gered by many hours, we tested whether PDF, 
which mediates interactions between pacemakers, 
was required. Flies bearing the severely hypomor- 
phic han®?>? mutation of the PDF receptor show 
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Fig. 4. Requirement of PDFR signaling for 
staggered waves of Ca** transients among 
the pacemaker groups. (A) Ca** transients 
in five pacemaker groups in pdfr"?"°3°4 mu- 
tants (n =7 flies). (B) Ca** rhythm phases from 
(A): LNd and DN3 were phase-shifted toward 


s-LNv. (C) Ca** transients in pafr mutant flies that are restored by a large BAC-recombineered pdfr-myc transgene (rescue 1, n = 6 flies). (D) Gas rhythm phases 
from (C). (E) The phase shifts in mutants were fully rescued by restoring PDFR (two-way ANOVA followed by Bonferroni post hoc test, *P < 0.001). Colors indicate 
genotype. (F) Ca** transients in three pacemaker groups targeted by pdfr(B)-gal4 in pafr’?"°2°4 mutants (n = 6 flies). (G) Ca®* rhythm phases from (F). (H) Ca?* 
transients in pdfr mutant flies that are restored by pdfr(B)-gal4>pdfr (rescue 2, n = 6 flies). (1) Ca** rhythm phases from (H): The PDFR* LNd and the single fifth 
s-LNv display restored phases but lack strong phase coherence (Rayleigh test, P > 0.1) (see also fig. S12). (J) Phase shifts in mutant flies were partially restored 
by restoring pdfr in subsets of PDFR* cells (two-way ANOVA followed by Bonferroni post hoc test, *P < 0.001). Colors indicate genotype. 
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unimodal or arrhythmic behavior patterns under 
constant darkness (26) (fig. S11 and table $2). In 
these flies, we found that the Ca”* rhythms in M 
cells (Ss-LNv and DNI1) were unaffected, but they 
were phase-shifted in LNd and DN8, such that 
these two groups now produced Ca?* rhythms 
around dawn, roughly in synchrony with M cells 
(Fig. 4, A and B). The phase of 1-LNv did not 
change, consistent with the absence of PDF sen- 
sitivity by this pacemaker group (27). The phase 
shifts in LNd and DN3 were fully restored by the 
expression of complete pdfr from a bacterial ar- 
tificial chromosome (BAC) transgene (Fig. 4, C to 
E, “rescue 1,” and fig. S11). Thus, PDF, which pro- 
motes synchronization of molecular clocks under 
constant conditions (10, 28), is also needed to 
properly stagger their Ca”* activity phases across 
the day. Whether the phases of the l-LNv and DN1 
are set by other intercellular signals remains to be 
determined. 

We further examined the pdfr mutant phenotype 
at higher cellular resolution [pdfr(B)> GCaMP6s; 
Fig. 2A]. The PDFR-expressing E cell groups (the 
three PDFR-expressing LNd and the fifth s-LNv) 
displayed phase shifts similar to those of the en- 
tire LNd group (Fig. 4, F and G). When pdfr ex- 
pression was restored just in these subsets of 
pacemaker neurons (with GAL4-UAS), both be- 
havior and Ca?* rhythms were partially restored 
(Fig. 4, H to J, “rescue 2,” and fig. S11 and table S2). 
The phase of the fifth s-LNv was fully restored, 
which suggests that PDFR signaling is required 
for cell-autonomous setting of Ca?* phase in this 
pacemaker group. However, in rescue 2, a single 
LNd typically remained active around dawn, 
whereas two LNds were active around dusk (fig. 
S12), which we interpret as a partial restoration or a 
nonautonomous phase-setting mechanism for LNd. 

Our results show that molecular clocks drive 
circadian rhythms in the neural activity of pace- 
makers. Temporally patterned neural activity en- 
codes different temporal landmarks of the day in 
a manner that reflects the different functions of 
the pacemaker groups. The homogeneous molec- 
ular clock produces sequential activity peaks by 
a mechanism dependent on PDFR signaling. By 
generating diverse phases of neural activity in 
different pacemaker groups, the circadian clock 
greatly expands its functional output. 
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SYNAPTIC VESICLES 


Single-vesicle imaging reveals different 
transport mechanisms between 
glutamatergic and GABAergic vesicles 


Zohreh Farsi,’ Julia Preobraschenski,’ Geert van den Bogaart,” Dietmar Riedel,” 


Reinhard Jahn,’* Andrew Woehler*” 


Synaptic transmission is mediated by the release of neurotransmitters, which involves 
exo-endocytotic cycling of synaptic vesicles. To maintain synaptic function, synaptic 
vesicles are refilled with thousands of neurotransmitter molecules within seconds after 
endocytosis, using the energy provided by an electrochemical proton gradient. However, it 
is unclear how transmitter molecules carrying different net charges can be efficiently 
sequestered while maintaining charge neutrality and osmotic balance. We used single- 
vesicle imaging to monitor pH and electrical gradients and directly showed different uptake 
mechanisms for glutamate and y-aminobutyric acid (GABA) operating in parallel. In 
contrast to glutamate, GABA was exchanged for protons, with no other ions participating in 
the transport cycle. Thus, only a few components are needed to guarantee reliable vesicle 


filling with different neurotransmitters. 


ll synaptic vesicles (SVs) are energized by 
vacuolar H*-dependent adenosine triphos- 
phatases (V-ATPases) that pump protons 
into the vesicle lumen (7) independently of 
the neurotransmitter phenotype that they 
contain. As a result, the vesicle interior acidifies, 
resulting in a pH gradient (ApH) and an inside 
positive membrane potential (Ay) that both con- 
tribute to the free energy of the gradient (Auy;,) 
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S 


across the vesicle membrane. Shifting the balance 
between Ay and ApH has profound influence on 
the uptake kinetics of different neurotransmitters; 
in vitro, uptake of negatively charged glutamate 
is maximal when Ay dominates. In contrast, up- 
take of positively charged monoamines requires 
mainly ApH, whereas neutral y-amino butyric 
acid (GABA) uses both components of Auy;, (2). 
Because only a few hundred protons need to be 
translocated to saturate Auy,, other ions must 
compensate for the transport of the estimated 
2000 to 5000 transmitter molecules (3, 4). How- 
ever, it has been surprisingly difficult to unravel 
such compensating ion fluxes and the responsi- 
ble channels and/or transporters. In particular, 
the transport mechanism for GABA has remained 
enigmatic, with both GABA/H* exchange and 
GABA/CI cotransport having been proposed (5). 

Mechanistic studies on vesicular transporters 
are generally carried out by using highly purified 
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SVs or, more recently, purified transporters that 
are reconstituted in artificial vesicles (6-8). Al- 
though our present knowledge of transport mech- 
anisms is largely based on such approaches, only 
average properties can be studied. In contrast, 
almost no information is available about the 
properties of single SVs such as kinetics, het- 
erogeneity, or properties specific for different neu- 
rotransmitter phenotypes. To overcome these 
limitations, we developed an approach to mea- 
sure both ApH and Ay in single SVs whose neu- 
rotransmitter phenotype is subsequently identified. 
SVs purified from transgenic mice expressing 
super-ecliptic pHluorin in the vesicular lumen 
(spH-SVs) (9) were imaged by using total internal 
reflection fluorescence microscopy in order to ac- 
curately measure luminal pH changes above pH 6, 
as described previously (Fig. 1, A and B, and fig. 
S5A) (10). We combined this approach with a 
potentiometric assay by labeling SVs with the 
voltage-sensitive dye VF2.1.Cl (11) to quantitatively 
measure Ay across the lipid bilayer of single SVs 
(Fig. 1, C and D, and fig. S5C). After measuring 
ApH or Aw, we performed onstage labeling with 
antibodies against vesicular GABA (VGAT) or ve- 
sicular glutamate transporter 1 (VGLUTD) to distin- 
guish between GABA-containing (GABAergic) 
and glutamatergic SVs unequivocally (Fig. 1, E 
and F, and fig. S4). 

At all tested adenosine 5’-triphosphate (ATP) 
concentrations (0.6 to 3 mM), significant differ- 
ences in Auy;, were observed between glutama- 
tergic and GABAergic SVs in the same population 
(significance in all experiments was determined 
with Student’s two-tailed ¢ test). In the absence of 
monovalent ions, Au;;, generated by the V-ATPase 
across the membrane of glutamatergic SVs was 
on average greater by 17.79 + 6.9 (SD) mV [11.99 + 
5.2 mV larger Ay and 0.1 + 0.03 larger ApH (12)] 
than that of GABAergic SVs (Fig. 2, A and B). 
Three parameters may account for these differ- 
ences in Au;;,: the rate of proton pumping; the 
amount of free protons in the lumen, which de- 
pends on the luminal buffering capacity (8); and 
the rate of proton efflux (13). We excluded the 
first parameter because the rate of proton pump- 
ing was not different between glutamatergic and 
GABAergic SVs (fig. S6A). Next, we measured B 
using a modified ammonium pulse technique 
(fig. S7) (14). Although § increased as the lumen 
of vesicles acidified, there was no significant dif- 
ference in B between both SV populations (fig. 
S8B). Last, we measured the proton efflux rate in 
these vesicles as described previously (fig. S9) 
(10, 12). Significantly faster proton efflux was mea- 
sured in GABAergic as compared with glutama- 
tergic SVs (Fig. 2C). This indicates higher proton 
permeability (Py,,) in these SVs (Py, = 15.2 x 107 
and 13.5 x 10°? cm sec! in GABAergic and gluta- 
matergic SVs, respectively), thus accounting for 
the reduced Auy,, in GABAergic SVs. To exclude 
that the higher proton efflux rate is simply caused 
by nonspecific leakage owing to an increased sur- 
face area, we measured the diameter of SVs with 
electron microscopy, using immunogold labeling 
to distinguish between vesicle types (fig. S10), 
and observed no difference between these vesicle 
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Fig. 1. Auys measured at the 
single-vesicle level. (A) Aver- 
aged spH time-trace in response 
to 5-(N-Ethyl-N-isopropyl)amiloride 
(NPE)-ATP uncaging by an ultra- 
violet flash (12). (B) Repre- 
sentative image of spH-SVs. 

C) Averaged VF2.1.Cl time-trace 
in response to ATP addition. 

D) Representative image 

of VF2.1.Cl-labeled SVs. 

E and F) Representative 
sSpH-SVs immunolabeled for 

E) VGAT and (F) VGLUT1. Dashed 
circles in (B) and (D) indicate 
detected SVs. Scale bars, 1 um. 
n (A) and (C), the traces in 

the absence of ATP show the 
photobleaching of the probes, 
and error bars represent SEM 
from more than 500 single SVs. 
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Fig. 2. VGAT functions as a GABA/ 
H* antiporter. (A) Luminal pH and 
(B) Ay of acidified glutamatergic and 
GABAergic SVs (P = 2.7 x 10°° and 
0.03, respectively). The variations in 
luminal pH are partially due to differ- 
ent ATP concentrations in some of the 
experiments (0.6 to 3 mM). Two 
circles connected via a dashed line 
represent one experiment. (C) Proton 
efflux time constant of glutamatergic 
versus GABAergic SVs (P = 0.03). 
(D) Correlation between luminal pH of 
acidified GABAergic SVs with intensity 
of antibody against VGAT (P = 0.011). 
(E and F) Proton efflux time constant 
of (E) GABAergic and (F) glutamater- 
gic SVs in the presence and absence 
of GABA [P = 77 x 10°? in (E)]. Data in 
(A) and (B) represent mean + SEM 
from on average 450 glutamatergic 
and 160 GABAergic SVs per experi- 
ment; in (C), (E), and (F), data repre- 
sent mean + SEM from on average 

50 single SVs compiled from 
independent experimental replicates 
with a coefficient of determination 
(R°) > 0.7; and in (D), data represent 
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mean + SD of seven independent experiments. n.s., not significant (P > 0.05). 
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Fig. 3. VGAT is not a GABA/CI- 
cotransporter. (A) Averaged 
VF2.1.Cl time-trace in response to 
addition of 3 mM ATP and 10 mM 
GABA, indicating changes in Ay 
associated with GABA uptake in 
GABAergic (red trace) but not in 
glutamatergic (black trace) SVs. 
Error bars represent SEM of 50 
and 392 SVs in red and black 
traces, respectively. (B) Changes 
in Ay induced by addition of GABA 
to acidified SVs in the absence 
and presence of 5 mM tetra- 
ethylammonium chloride (TEA-Cl) 
in the bath solution. (C) Aw 
induced by addition of 20 mM 
TEA-Cl to acidified glutamatergic 
and GABAergic SVs (P = 0.006). 
D) ApH induced by including 
TEA-Cl in the bath solution in 
glutamatergic and GABAergic SVs 
P = 0.01). (E) Proton pumping 
rate constant of glutamatergic 
[1.52 + 0.15 (SEM) s4] and 
GABAergic [1.18 + 0.14 (SEM) s74] 
SVs with 2.4 mM ATP in the 
presence of Cl” (P = 0.045). Data 


in (B), (C), and (D) represent mean + SD of three to five independent experiments, 
and in (E), data represent mean + SEM from on average 60 single SVs compiled w? 
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Fig. 4. Cation/H* exchange is 
more pronounced in glutama- 
tergic SVs. (A) Averaged fluores- 
cence trace of SVs in response to 
ImM ATP and 30 mM k-gluconate 
(black trace) or 10 mM Na-gluconate 
(red trace). (B) Aw induced by 
addition of 30 mM k-gluconate or 
10 mM Na-gluconate to acidified 
SVs. (C) ApH induced by K-gluconate 
or Na-gluconate in glutamatergic 
and GABAergic SVs (P = 0.009 for 
K* effect). (D) Inhibition of Na* 
but not K* induced ApH by EIPA 
(P = 0.002 for Na®* effect). 

(E) Changes in Ay induced by 
addition of 10 mM N-methyl-p- 
glucamine (NMDG)-glutamate 
and K-glutamate to acidified SVs 
(P = 0.02). Data in (A) represent 
mean + SEM from on average 
600 single SVs, and in (B) to (E), 
data are mean + SDs of three to 
five independent experiments. 


populations. These data strongly suggest that a 
protein specific for GABAergic SV is responsible 
for the increased proton efflux rate. Because only 
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the vesicular transporters are exclusively present in 
each vesicle population (75), we hypothesized that 
VGAT contributes to proton efflux in GABAergic 


SVs. Indeed, in each acidification measure- 
ment the luminal pH of acidified GABAergic 
SVs correlated with the immunolabeling inten- 
sity for VGAT, indicating that SVs with greater 
VGAT copy numbers had greater proton perme- 
ability (Fig. 2D). 

As discussed above, the transport mechanism 
of VGAT is controversial, with both GABA/H* anti- 
port (16-19) and GABA/CI cotransport (8) having 
been proposed. In the former case, proton efflux 
of GABAergic SVs should be enhanced when GABA 
is added. Indeed, we observed significantly accel- 
erated proton efflux from GABAergic vesicles (Fig. 
2E) in the presence of 10 mM GABA, whereas that 
of glutamatergic SVs remained unchanged (Fig. 
2F), clearly indicating that VGAT does in fact func- 
tion as a GABA/H* exchanger. The same result 
was obtained with 20 mM glycine, which is an- 
other substrate of VGAT (fig. S11, A and B). How- 
ever, glutamate had no significant effect on 
proton efflux rate in any of the vesicle popula- 
tions (fig. S12). 

The experiments described above were carried 
out in the absence of Cl. To test whether Cl” 
contributes to GABA transport, we characterized 
the effects of GABA and Cl on Ay. When vesicles 
were allowed to acidify, addition of GABA par- 
tially dissipated Aw exclusively in GABAergic SVs 
(Fig. 3A), confirming that GABA (no net charge 
at neutral pH) is exchanged for protons. When 
Cl was included, only a slightly higher reduction 
of Ay was observed (Fig. 3B), ruling out any prom- 
inent GABA-coupled transport of Cl! by VGAT 
(8). Thus, the stimulatory effect of Cl! on GABA 
uptake observed previously (5, 18, 19) is probably 
due to a shift from Ay to ApH. Indeed, addition 
of 20 mM CI to acidified vesicles caused a shift 
in the Au, balance, dissipating the membrane 
potential while enhancing luminal acidification 
(Fig. 3, C and D, and fig. $14). Cl influx, pre- 
sumably through the vesicular Cl /H* exchanger 
3 (CIC3) (20) or VGLUT2 (2D), effectively shunts 
the membrane potential, allowing the V-ATPase 
to drive more protons into the lumen, which in 
turn are exchanged for GABA by VGAT. Addition 
of Cl’ resulted in significantly larger dissipation 
of Ay and greater acidification in glutamater- 
gic rather than in GABAergic SVs (Fig. 3, C and 
D). Moreover, Cl selectively enhanced the rate 
of proton pumping in glutamatergic SVs (Fig. 
3E). Because ClC3 is present in both vesicle 
types in comparable quantities (75), our data in- 
dicate that VGLUT directly contributes to Cl” 
transport, which is in agreement with previous 
reports (6, 7). 

Last, we examined whether Na* and K* exert 
different effects on the two vesicle populations. 
Both ions convert ApH to Ay via cation/H™ ex- 
change mechanisms (22) but involve different 
pathways: Na*/H* exchange is mediated by the 
Na*/H* exchanger NHE6, whereas K*/H* exchange 
is proposed to be mediated by VGLUT (6). Our 
single-vesicle assay allowed for discriminating 
these two exchange activities in single vesicles. 
Indeed, addition of each cation to acidified ves- 
icles significantly alkalinized the luminal pH 
(Fig. 4A and fig. S14A) and slightly increased the 
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membrane potential (Fig. 4B), but with nota- 
ble differences between the two vesicle popula- 
tions: Less K*-induced alkalinization was observed 
in GABAergic SVs, whereas Na* induced similar 
alkalinization levels in both vesicle populations 
(Fig. 4C). When the experiments were repeated in 
the presence of the NHE inhibitor ethyl-isopropyl 
amiloride (EIPA), Na*-induced alkalinization 
was significantly blocked, whereas K*-induced 
alkalinization remained unchanged (Fig. 4D). The 
greater effect of K* in glutamatergic SVs as well 
as its resistance to EIPA confirms that VGLUT is 
mainly responsible for K* transport into the lu- 
men of SVs. The smaller but still substantial 
effect of K* in GABAergic SVs may be due to the 
presence of VGLUT2 that is known to be ex- 
pressed in subsets of GABAergic neurons (27). It 
is also possible that VGAT contributes to the 
measured K*/H* exchange but with a different 
stoichiometry than that of VGLUT. Both the 
NHE-mediated Na*/H* and VGLUT-mediated K*/H* 
exchange convert ApH to Ay, counteracting the 
effect of Cl! on Auy;,. Moreover, we observed that 
dissipation of Ay by glutamate uptake (fig. S15) 
was significantly mitigated by the presence of K* 
(Fig. 4E). This further emphasizes the crucial role 
of VGLUT-mediated K*/H* exchange as a charge- 
compensating mechanism that helps to sustain 
Ay and enhances glutamate uptake (6). 
Through the quantitative characterization of 
Atty, in single vesicles, we report here that not 
only the pH gradient of Auy;, (10) but also Ay is 
generated across the membrane of SVs within 
1 to 2 s. Moreover, our data clearly demonstrate 
that VGAT is not a GABA/CI cotransporter (8) 
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but functions as a GABA/H* antiporter. Surpris- 
ingly, our data suggest that VGAT is leaky to 
protons in the absence of substrate, raising the 
question of whether the presence of GABA pre- 
vents nonspecific proton leakage, replacing it with 
a strict GABA/H* antiport. In addition, ion fluxes 
through VGLUT can shift the balance of the com- 
ponents of Au;;, toward greater Ay and ensure 
charge and osmolarity compensation during neuro- 
transmitter loading. Thus, neurotransmitter trans- 
porters are critical regulators of Auy,, which adds 
another level of complexity to their contribution to 
maintenance of fidelity in synaptic transmission. 
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HLA Analysis Software 

The Axiom HLA Analysis software is 
designed for automated, high-resolution 
human leukocyte antigen (HLA) typing 
from any genotyping dataset contain- 

ing coverage of the extended major 
histocompatibility complex (MHC) re- 
gion. The software’s unique imputation 
algorithm enables four-digit HLA typing 
from genome-wide association studies 
(GWAS), combining genotyping and high- 
resolution HLA typing into a single assay. 
Prior to the availability of Axiom HLA 
Analysis, researchers conducted separate 
HLA molecular testing of their samples or 
used complex analysis workflows to gen- 
erate HLA types from genotype data. The 
algorithms incorporated into the software 
provide simple, “push-button” analysis to 
dramatically decrease researchers’ cost 
and workload. The Axiom HLA Analysis 
software can be used with data from a 
number of Affymetrix array products, 
including the new Axiom Transplant Ge- 
notyping Array and UK Biobank Axiom 
Array, as well as the Genome-Wide Hu- 
man SNP Array 6.0. Genotyping data 
produced by other manufacturers’ sys- 
tems can be economically HLA-typed by 
Affymetrix Research Service Laboratory 
using the new software. 
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Tissue Studio 4.1 features powerful ma- 
chine learning and the ability to automate 
routine image analysis tasks, enabling 
researchers to develop a customized 
image analysis solution in as little as 20 
minutes, and to reduce preclinical safety 
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Microscope Tools 

Taking well-plate imaging to the next level, 
Olympus presents two innovative tools 
for the customizable IX3 inverted micro- 
scopes. The new IX3-ZDC2 module offers 
cutting-edge focal drift compensation 
technology, enabling accurate focus stabil- 
ity during long time-lapse experiments. 
Complementing this is the latest cellSens 
version 1.14 software, which features an 
improved Well Navigator tool for smart 
and flexible multiwell experimental setup. 
Combined, these updates form a highly 
accurate, reliable, and easy-to-use well- 
plate imaging system for live-cell imag- 
ing. Compensating for changes such as 
thermal drift, Z-drift compensation (ZDC) 
technology employs an infrared laser 
diode to measure focus distance. The 
new IX3-ZDC2 is able to focus up to four 
times faster than the previous model, and 
includes a fully motorized dichroic mirror 
movement. The Well Navigator makes it 
possible to move to a specific well with 
one click and simplifies management of 
different imaging parameters in individual 
wells or groups of wells. 

Olympus 
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Imaging Software 

The ZEN 2 core imaging software is 
easy to use and simply designed. It 
allows users to achieve the highest 
quality results together with estab- 
lished ZEISS hardware. ZEN 2 core 
gives users the benefit of an adaptive 
user interface suited specifically to 
industrial and research applications. 
The easy graphical user interface (GUI) 
configuration fits tasks of all kinds and 
of any complexity. Users can adapt 
the GUI to their workflows to simplify 
their work. ZEISS ZEN 2 core also of- 
fers configurable user management, 
adjusting the software to different users 
and user levels. Given the ZEN 2 core’s 
straightforward workflows, users can 
count on fast, reproducible analysis 
and measurement results. Its ability to 
create job templates ensures users get 
comparable results every time. ZEISS 
ZEN 2 core offers an interface to many 
other software platforms and hardware 
accessories. 
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For info: +49-3641-64-3949 
www.zeiss.com 


Gene Editing Software 

Developed in collaboration with 
Desktop Genetics, gUIDEbook 
bioinformatics software has been 
designed to support researchers 
working with clustered regularly 
interspaced short palindromic repeats 
(CRISPR) genome editing. Successful 
CRISPR genome editing relies on 

the quality of the guide RNA (gRNA) 
design, determined by bioinformatics 
software. The gUIDEbook software has 
been developed to provide the most 


and toxicity study lengths from weeks to just days. It offers scien- 
tists an out-of-the-box solution that provides comprehensive and 
consistent data from any tissue-based assay, and can handle com- 
plex tasks such as biological heterogeneity and staining variation. 
Tissue Studio 4.1’s image analysis allows researchers to automate 
tedious manual analysis, produces quantitative readouts that can 
be mined and correlated, and simplifies analysis tasks and work- 
flows. Adding to these standard benefits, Tissue Studio uniquely 
overcomes inherent biological and staining variability to accurately 
detect regions of interest and distinguish cell types and subtypes 
within target regions across any number of tissue slides. Tissue Stu- 
dio 4.1 brings powerful speed and efficiency improvements to the 
solution of choice for image analysis. 
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complete solution available for designing CRISPR genome editing 
experiments. The platform enables researchers to generate 
knockouts, knockins, mutations, or tags through powerful, 
laboratory-validated DNA search algorithms behind a simple and 
intuitive user interface. Utilizing state-of-the-art scoring functions, 
gUIDEbook allows an entire gene to be quickly reviewed for the 
best guide or guides for both wild-type and CRISPR-associated 

9 protein (CasQ) “nickase” experiments. The current version 

of gUIDEbook supports human and mouse genomes with 
additional genomes to be added later, and offers two levels of use 
depending on experimental requirements and the level of user 
experience. Once researchers have selected the best guides for 
an experiment, they can then easily order their chosen guides. 
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Harvard Medical School invite applicants for a tenure-track aay position at the rank of 
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work on exciting problems in Molecular Metabolism and who directly utilize Mass Spectrometry 
methods. This may include metabolomics, proteomics or both to uncover novel metabolic 
pathways in health and diseased states. The successful candidate will be expected to direct 
innovative and independent research and participate in the teaching of graduate and/or 
medical students. Our highly interactive environment provides the opportunity to engage and 
collaborate with other dedicated researchers both within the Division of Metabolism and Chronic 
Disease of the Cancer Biology Pepaniment hale? by Bruce Spiegelman) and throughout the 
diverse Harvard research emul, Significant achclarly and scientific resources will be made 
available for this appointment. For further information about our Department, please see our 
web page: http://www.dana-farber.org/Research/Departments-and-Centers/Department-of- 


The lab is actively investigating genetic 
and molecular biomarkers for predicting 
treatment response, and identifying negative 
feedback loops that may facilitate the 
design of combination strategies. Highly 
motivated individuals (Ph.D. or M.D.) with 
outstanding training in cell biology, cell 
signaling, cancer genetics, or related areas, 
are encouraged to apply. 


Interested candidates should email CV and 
contact information for three references to: 
Anas Younes, M.D. 
Chief, Lymphoma Service, MSKCC 
email: younesa@mskcc.org 


Cancer-Biology.aspx 


Applicants should submit electronic copies of their curriculum vitae, a 
description of research accomplishments and future research interests (three 
pages maximum), and ask at least three references to provide letters of 
recommendation. These materials should be submitted using the following link: 
https://academicpositions.harvard.edu/postings/6703. 

Please contact Kim Wilkinson (Kim_Wilkinson@dfci.harvard.edu) 
with any questions regarding submission of documents. 


Applications must be received by: 4-29-2016. 


Dana-Farber Cancer Institute and Harvard Medical School are Equal Cepertuaite timetive Action employers. 
We are actively committed to increasing the diversity of our faculty. People wit 


disabilities, veterans, women and members 
of underrepresented minority groups are therefore strongly encouraged to apply. 


HARVARD 
Ae] MEDICAL SCHOOL 


DANA-FARBER 


CANCER INSTITUTE 


NIMS 
Research Position at ICYS, NIMS, Japan 


The International Center for Young Scientists (ICYS) of the 
National Institute for Materials Science (NIMS) is now seeking a 
few researchers. Successful applicants are expected to pursue 
innovative research on broad aspects of materials science using 
most advanced facilities in NIMS 
(http://www.nims.go.jp/eng/index.html) 


In the ICYS, we offer a special environment that enables young 
scientists to work independently based on their own idea and 
initiatives. All management and scientific discussions will be 
conducted in English. An annual salary approximately 5.35 million 
yen (level of 2015) will be offered depending on qualification and 
experience. Additional research grant of 2 million yen per year 
will be supplied to each ICYS researcher. The initial contract term 
is two years and may be extended by one more year depending 
on the person’s performance. 


All applicants must have obtained a PhD degree within the last 
ten years. Applicants should submit an application form including 
a research proposal to be conducted during the ICYS tenure, 
CV Header, CV with list of publications and patents (Be sure to 
attach the header), list of DOI of journal publications following 
our instruction, reprints of three significant publications to ICYS 
Recruitment Desk by MARCH 31, 2016 JST. The application 
form and CV header can be downloaded from our website. 
Please visit our website for more details. 


ICYS Recruitment Desk, 
National Institute for Materials Science 
http:/www.nims.go.jp/icys/recruitment/index.html 


THE 
AMERICAN 
ee SOCIETY 
os HUMAN 
GENETICS 
Editor 
The American Journal of Human Genetics 


The American Society of Human Genetics is seeking an Editor for The 
American Journal of Human Genetics. The Editor of The American Journal 
of Human Genetics provides leadership and vision for one of the oldest and 
most prestigious human genetics journals in the world that publishes primary 
research in human genetics. 


Among the Editor’s responsibilities are: determining the scope and direction 
of the scientific content of The Journal, overseeing manuscripts submitted 
for review and their publication, selecting and supervising an editorial 
staff, and directing and managing interactions with the publisher (currently 
Cell Press). The Editor serves as a member of the Board of Directors of the 
American Society of Human Genetics (ASHG), as well as the ASHG Finance 
Committee, and reports to the Board of Directors. All Associate Editors of 
The Journal are appointed by the Editor, who also determines their duties. 
At the ASHG Annual Meeting, the Editor presides over a meeting of the 
Associate Editors and presents an annual report to the ASHG membership. 


The term of the appointment is five years and includes a yearly stipend. The 
new Editor will be selected by the end of 2016 and will begin receiving 
manuscripts about September 2017, with partial overlap with the current 
editorial office, in Houston. Applicants should be accomplished scientists in 
human genetics and should have a broad knowledge and appreciation of the 
field. Nominations, as well as applications consisting of a letter of interest 
and curriculum vitae, should be sent to address below prior to April 1, 2016. 
AJHG Editorial Search Committee 
American Society of Human Genetics 
9650 Rockville Pike 
Bethesda, MD 20814 
Joseph D. McInerney, Executive Vice President, ASHG 
jmcinerney@ashg.org 
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Cancer Feature: 


Cancer 
Research 


Issue date: April 8 
Reserve space by March 22 


Ads accepted until April 1 if space allows 


For recruitment in science, there’s only one Science. 


Looking to hire a cancer researcher? Reach them through the 
pages of Science. Our upcoming cancer feature explores how 
major institutions are planning to prepare for the challenges 
involved in precision medicine. This hot research area is sure 
to draw the readers you need to reach. 


subscribers in print 
every week 


= Read and respected by 400,000 readers around the globe 


= Your ad dollars support AAAS and its programs, which 


strengthens the global scientific community. monthly unique browsers 


on ScienceCareers.org 


= Relevant ads lead off the career section with a special 


of our weekly readers 
cancer research banner 


are Ph.D.s 
= Bonus distributions: 


American Association for Cancer Research, 
April 16-20, New Orleans, LA 


AACR Career Fair, April 16, New Orleans, LA. 


= Link on the job board homepage to a landing page 
for cancer research positions. 


Produced by the Science/AAAS Custom Publishing Office. 


SCIENCECAREERS.ORG 


To book your ad: advertise@sciencecareers.org 


Ca reers The Americas Europe/RoW 
+202 326 6582 +44(0) 1223 326500 
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IN THE UNIVERSITY OF ARIZONA 
. CANCER CENTER 


An outstanding position is available 
working in the laboratory of Dr. Andrew S. 
Kraft, Director of the University of Arizona 
Cancer Center in Tucson, Arizona. The 
research project will focus on the role of the 
Pim protein kinase in malignant disease 
with experiments aimed at discovering how 
this kinase drives cell growth in tumors, e.g. 
prostate cancer and leukemia, including 
understanding the substrates and signaling 
pathways driven by the Pim protein kinase. 
Investigators will have the opportunity to 
submit grant applications, and will be 
appointed in a basic or clinical science 
department. 


To apply, please complete the on-line 
application at: www.uacareers.com and seek 
job #F20390 or #F20392. 


Andrew S. Kraft, M.D. 
Director, University of Arizona Cancer Center 
tsaeed@uacc.arizona.edu / hrsim@email.arizona.edu 


Outstanding UA benefits include health, dental, and 
vision insurance plans; life insurance and disability 
programs; paid vacation, sick leave, and holidays; 
UA/ASU/NAU tuition reduction for the employee and 
qualified family members; state and optional 
retirement plans; access to UA recreation and cultural 
activities; and more! 

The University of Arizona is an EEO/AA employer-M/W/D/V. 


Medizinische Fakultat Heidelberg 


An der Medizinischen Fakultat der Universitat Heidelberg ist ab 1. Oktober 2017 eine 


W3-Professur fiir Geschichte und Ethik der Medizin 
(Nachfolge Prof. Dr. Eckart) 


zu besetzen. Die Stelleninhaberin/Der Stelleninhaber vertritt den Querschnittsbereich ,,Geschichte, 
Theorie und Ethik der Medizin“ in Forschung und Lehre und unterstiitzt die Medizinische Fakultat und 
das Universitdtsklinikum in Fragen der Medizinethik. Mit der Professur ist die Leitung des Instituts fiir 
»Geschichte und Ethik der Medizin“ der Universitat Heidelberg verbunden. 


Es wird erwartet, dass die Bewerberin/der Bewerber auf der Grundlage langjahriger Erfahrung die Facher 
Geschichte, Theorie und Ethik der Medizin in Forschung und Lehre in ihrer ganzen Breite vertritt. Erfah- 
rungen in der Einwerbung von Drittmittelprojekten werden ebenso vorausgesetzt wie einschlagige Pub- 
likationen zur Geschichte und Ethik der Medizin. Dariiber hinaus wird erwartet, dass die Bewerberin/der 
Bewerber an der ethischen Profilbildung der Heidelberger Universitatsmedizin (Ethikbeirat, klinische 
Ethikberatung) aktiv mitwirkt und zugleich den Briickenschlag zu den iibrigen Fakultaten, vorzugsweise 
zur Theologie, zur Philosophie, den Geschichts- und Sprachwissenschaften mitgestaltet. 


Gesucht wird eine in Forschung und Lehre ausgewiesene Personlichkeit. 


Einstellungsvoraussetzungen sind ein mit der Promotion abgeschlossenes Studium der Medizin und/oder 
eines geisteswissenschaftlichen Faches, dann vorzugsweise der Geschichtswissenschaften oder der Philo- 
sophie. Weiterhin werden die Habilitation in Geschichte der Medizin oder im Querschnittsbereich Geschichte, 
Theorie, Ethik der Medizin oder gleichwertige wissenschaftliche Leistungen auf diesen Gebieten erwartet. 


Auf die weiteren in § 47 und § 48, Abs. 2, Satz 3 des baden-wiirttembergischen Landeshochschulgesetzes 
genannten Einstellungsvoraussetzungen wird hingewiesen. 

Die Universitat Heidelberg strebt eine Erhohung des Anteils der Frauen im wissenschaftlichen Personal 
an und fordert qualifizierte Frauen nachdriicklich auf, sich zu bewerben. Schwerbehinderte werden bei 
gleicher Qualifikation bevorzugt beriicksichtigt. 

Bitte richten Sie Ihre Bewerbung in Papierform mit den notwendigen Unterlagen bis zum 

24. Marz 2016 an Prof. Dr. W. Herzog, Dekan der Medizinischen Fakultat Heidelberg, Im 

Neuenheimer Feld 672, 69120 Heidelberg. Ihre Bewerbungsunterlagen sollten den Kriterien ent- 

sprechen, welche Sie auf der Webseite der Fakultatsgeschaftsstelle unter www.medizinische- 
fakultaet-hd.uni-heidelberg.de/professur einsehen kénnen. 


AAAS is here — 


helping scientists achieve 
career sucess. 


Every month, over 400,000 students and 
scientists visit ScienceCareers.org in search 
of the information, advice, and opportun- 
ities they need to take the next step in 
their careers. 


Acomplete career resource, free to the 
public, Science Careers offers hundreds 
of career development articles, webinars 
and downloadable booklets filled with 
practical advice, a community forum 
providing answers to career questions, 
and thousands of job listings in academia, 
government, and industry. As a AAAS 
member, your dues help AAAS make this 
service available to the scientific community. 
If you’re not a member, join us. Together 
we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 
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EDITOR IN CHIEF 


The American Physical Society invites nominations and applications for the position of Editor in 
Chief. 


The American Physical Society (APS), a nonprofit membership organization with over 50,000 
members working in academia, national laboratories, and industry, is the world’s leading publisher 
of physics journals serving the global physics community. APS publishes a suite of 12 outstanding 
journals covering a wide scope of physics-related science, including the flagship journal Physical 
Review Letters. 
APS seeks a highly respected member of the physics community to serve as Editor in Chief (EiC) 
for all APS journals. Key responsibilities include: ensuring the excellence and integrity of APS 
journal content; effectively communicating and representing APS journals to a broad range of 
constituencies; and partnering with APS senior leaders, particularly the Publisher, to articulate and 
drive a strategic vision for the APS publishing enterprise. The ideal candidate will have a 
demonstrated record of intellectual leadership and exceptional communication and interpersonal 
skills. For the detailed job description go to: 
http://storbeckpimentel.com/resources/uploads/institution/APSEiCPD.pdf 
Evaluation of candidate materials will begin immediately and continue until a new Editor in Chief is 
selected. For best consideration, nominations, together with a brief supporting statement, and 
applications from potential candidates should be sent to: 
Shelly Storbeck, Managing Partner 
Ethan Dubow, Associate 
Storbeck/Pimentel & Associates 
APSEditorinChief@storbeckpimentel.com 
Competitive salary and benefits to be negotiated. The APS Editorial 
Office is located in Ridge, Long Island, NY, and the EiC, if not based at 
Ridge, would be expected to travel there frequently. 


storbeck / pimentel 


executive search consultants 


APS is an Equal Opportunity/Affirmative Action employer. All qualified applicants 
will receive consideration for employment without regard to race, color, religion, 
sex, national origin, disability, or protected veteran status. EOE M/F/D/V 
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For your career in science, there’s only one 


Features in mylDP include: 


= Exercises to help you examine your 
skills, interests, and values. 


» Alist of 20 scientific career paths with 
a prediction of which ones best fit your 
skills and interests. 


A tool for setting strategic goals for the 
coming year, with optional reminders 
to keep you on track. 


Articles and resources to guide you 
through the process. 


In partnership with: 


University of California 
San Francisco 


= Options to save materials online 
and print them for further review 
and discussion. 


« Ability to select which portion of your 
IDP you wish to share with advisors, 
mentors, or others. 


= Acertificate of completion for users 
that finish mylDP. 


Visit the website and start planning today! 
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TENURE-TRACK ASSISTANT PROFESSOR 


THE DEPARTMENT OF ANESTHESIOLOGY 
& CRITICAL CARE MEDICINE 


The Department of Anesthesiology & Critical Care Medicine 
invites applications to fill a tenure-track faculty position at the 
Assistant Professor level. The appointment would be a primary 
appointment in the Department of Anesthesiology and Critical 
Care Medicine within the newly developed Anesthesiology 
Research Laboratory with a secondary appointment in the 
Department of Neurosciences. 


Minimum Requirements: Applicants must have a Ph.D. and/ 
or M.D. degree, or the equivalent, with postdoctoral experience. 


Preferences: Applicants with an independent research program, 
or strong potential for obtaining extramural funding, as 
evidenced by funding history, high quality publications and their 
research plan; Neuroscientists with primary research interests 
that build upon department collaborative research strengths 
in molecular, cellular and behavioral models of mammalian 
neurodevelopmental, neurodegenerative diseases involving 
neuroinflammation and/or pain mechanisms, and techniques 
involving a variety of neuroimaging modalities as evidenced by 
CV, references and research plan; Teaching experience or interest 
in participating in graduate and medical education programs as 
evidenced by CV and references. 


For more details on current research activities in the 
Department of Anesthesiology & Critical Care Medicine, see 
http://anesthesiology.unm.edu, 
and in Neurosciences, see 
http://neurosciences.unm.edu/, 
and in the College of Pharmacy, see 
http://hsc.unm.edu/pharmacy/graduateradio.shtml. 


Numerous opportunities exist for research collaborations 
with faculty in other departments within the Health Sciences 
Center, our Centers on Biomedical Research Excellence on 
CNS Pathology and on Neuropsychiatric Disorders, the New 
Mexico Alcohol Research Center, the Brain & Behavioral Health 
Institute, and the Clinical & Translational Science Center, along 
with the College of Pharmacy, the MIND Research Network, and 
Sandia and Los Alamos National Laboratories. 


The position includes a competitive salary, research start- 
up funds and access to staffed research facilities. Electronic 
applications should include a cover letter, curriculum vitae, list 
of references, research plans, and history of grant awards. 


For best consideration, applications must be received by 
December 20, 2015; however, the position will remain open 
until filled. 


For complete details of this position and to apply, access 
Faculty Postings at: https://unmjobs.unm.edu/. Reference 
Posting #0832516. 


UNM’s confidentiality policy (“Disclosure of Information 
about Candidates for Employment,” UNM Board of Regents’ 
Policy Manual 6.7), which includes information about public 
disclosure of documents submitted by applicants, is located at 
http://www.unm.edu/~brpm/r67.htm. 


The University of New Mexico is an Equal Opportunity/ 
Affirmative Action employer and educator. 
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VICE CHAIR OF RESEARCH 


THE DEPARTMENT OF ANESTHESIOLOGY & CRITICAL CARE MEDICINE 


The Department of Anesthesiology & Critical Care Medicine 
invites applications to fill a tenure-track faculty position at the 
Assistant, Associate Professor or Professor level as Vice Chair 
of Research. The appointment would be a primary appointment 
in the Department of Anesthesiology which is developing the 
Anesthesiology Research Laboratory, with possible secondary 
appointments in other departments as indicated. The position 
includes opportunities to lead and expand the Department research 
endeavors together with the Department of Neurosciences in the 
School of Medicine and also with the College of Pharmacy. 


Minimum Requirements: Applicants must have a Ph.D. and/ 
or M.D. degree, or the equivalent, with postdoctoral experience. 
If the candidate has a M.D. or M.D., Ph.D. degree, then the 
preferred field of expertise would be Anesthesiology. 


Preferences: 1. Applicants with an independent research 
program, or strong potential for obtaining extramural funding, as 
evidenced by funding history, high quality publications and their 
research plan; 2. Neuroscientists and/or Neuropharmacology and/ 
or Pharmacologists and/or Molecular Imaging Scientists with 
primary research interests that build upon department collaborative 
research strengths in molecular, cellular and behavioral models 
of mammalian neurodevelopmental, neurodegenerative diseases 
involving neuroinflammation and/or pain mechanisms, and 
techniques involving a variety of neuroimaging modalities, 
as evidenced by CV, references and research plan; 3. Teaching 
experience or interest in participating in graduate and medical 
education programs as evidenced by CV and references. 


For more details on current research activities in the 
Department of Anesthesiology & Critical Care Medicine, see 
http://anesthesiology.unm.edu, 
in Neurosciences, see 
http://neurosciences.unm.edu/, 
and in the College of Pharmacy, see 
http://hsc.unm.edu/pharmacy/graduateradio.shtml. 


Numerous opportunities exist for research collaborations 
with faculty in other departments within the Health Sciences 
Center, our Centers on Biomedical Research Excellence on 
CNS Pathology and the New Mexico Alcohol Research Center, 
the Brain & Behavioral Health Institute, and the Clinical & 
Translational Science Center, along with the MIND Research 
Network, and Sandia and Los Alamos National Laboratories. 


The position includes a competitive salary based on degree, 
rank, and, if pertinent, the level of clinical activity, research start- 
up funds and staffed research facilities. Electronic applications 
should include a cover letter, curriculum vitae, list of references, 
research plans, and history of grant awards. 


For best consideration, applications must be received by May 20, 
2016; however, the position will remain open until filled. 


For complete details of this position and to apply, go to: 
unmjobs.unm.edu/applicants/Central?quickFind=86065 — or 
access Faculty Postings at: https://unmjobs.unm.edu/. Reference 
Posting #0833300. 


UNM’s confidentiality policy (“Disclosure of Information 
about Candidates for Employment,’ UNM Board of Regents’ 
Policy Manual 6.7), which includes information about public 
disclosure of documents submitted by applicants, is located at 
http://www.unm.edu/~brpm/r67.htm. 


The University of New Mexico is an Equal Opportunity/ 
Affirmative Action employer and educator. 
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POSITIONS OPEN 


Perelman 
School of Medicine 
UNIVERSITY of PENNSYLVANIA 

The Center of Excellence in Environmental 
Toxicology (CEET) at the University of Penn- 
sylvania Perelman School of Medicine announces 
the availability of a postdoctoral position on its 
Translational Research Training Program in En- 
vironmental Health Sciences. The focus of the 
Center includes research in Lung and Airway Dis- 
ease, Oxidative Stress /Oxidative Stress Injury; Re- 
production, Endocrinology, and Development; 
and Gene-Environment Interactions. To learn 
more about the CEET visit website: http://ceet. 
upenn.edu/. 

Postdoctoral applicants must conduct full time 
research in translational environmental health 
sciences. Applicants must be a United States Cit- 
izen or Permanent Resident and would be sup- 
ported for up to two years. Salary and benefits are 
commensurate with National Research Service 
Award approved levels. For further information, 
application procedure, and list of faculty mentors, 
please go to the Center Excellence Environmen- 
tal Toxicology website at ceet.upenn.edu or 
email webster@upenn.edu. The deadline to apply 
for an appointment beginning July 01, 2016 is 
April 01, 2016. 


FULL TIME PROFESSOR 


The University of Minnesota Medical School, Duluth 
campus invites applications for a full-time PROFESSOR 
(TENURED) to develop a team-based science initia- 
tive in American Indian/Rural Health Equity research. 
While the precise area of disease focus and disciplinary 
background is open, we seek candidates with a M.D., 
Ph.D., or equivalent, and a national reputation and 
proven track record of grant activity, publication, and 
scholarship in rural and/or American Indian health dis- 
parities and health equity research. Current NIH fund- 
ing is a requirement for this position. In addition, the 
successful candidate must also have the vision and lead- 
ership capacity to develop a team science model for a 
discovery team of interprofessional collaborative re- 
search capable of constructing a successful NIH P series 
or equivalent application within the first five years of 
the inception of the discovery team program. This in- 
volves the capability to recruit, nurture, and direct a di- 
verse and transdisciplinary team of four scientists. We 
seek a person with leadership ideas who wants to de- 
velop a team that meshes with the array of strengths 
currently on the ground at the Duluth campus as well 
as more broadly, across the two Medical School cam- 
puses and the Academic Health Center of the Univer- 
sity of Minnesota. The team will be housed in the newly 
re-organized Center for Rural Health Studies, an ex- 
isting Center of the University of Minnesota system, 
which the successful candidate will direct. Preference 
will be given to candidates with research interest in 
rural and/or Indigenous health, a strong history of 
externally funded research, and experience teaching in 
a university setting. To be considered for this position, 
please send a cover letter, a curriculum vitae and NIH 
biosketch, and four recent publications via the online 
process at website: http://wwwl.umn.edu/ohr/ 
employment/index.html (Job ID 306593). 
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Learn more and 
conduct your job search 
the easy way. 


@ Search thousands of job postings 

@ Create job alerts based on your criteria 

®@ Get career advice from our Career Forum experts 
@ Download career advice articles and webinars 


@ Complete an individual development plan at “mylDP” 


Target your job search using relevant resources 


on ScienceCareers.org. 
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Gh COLUMBIA UNIVERSITY 
MEDICAL CENTER 


Assistant/Associate/Full Professor 


The Department of Pathology and Cell Biology at Columbia University 
seeks highly qualified individuals for two tenure-track or tenured faculty 
positions in research in Cell Biology. Appointments can be at the Assistant, 
Associate or Professor level depending on experience and qualifications. 
All positions require outstanding academic credentials and a record of 
scholarly productivity. 


Candidates with a Ph.D. and/or M.D. and an interest in any aspect of 
basic cell biology will be considered. Individuals conducting research in 
the following areas are of particular interest: 

membrane trafficking 

organelle biology 

cell motility 

imaging approaches to probe and/or manipulate cellular or intracellular 

function 


Significant start-up packages will be available to successful candidates 
who we expect will develop dynamic research programs and participate 
in graduate teaching. Women and minorities are strongly encouraged 


to apply. 


All applications must be submitted through Columbia University’s online 
Recruitment of Academic Personnel System (RAPS). Please submit a CV, 
a 2-page statement of research interests and the names of three referees. 
Review of applications will begin on May 1, 2016 and continue until 
positions are filled. 


To apply, please visit RAPS: https://academicjobs.columbia.edu/ 
applicants/Central? quickFind=62248 
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Advanced Institute for Materials Research, 
Tohoku University, Japan 


The Advanced Institute for Materials Research, Tohoku University (AIMR), is a 
research institute that conducts interdisciplinary research that fuses together 
the fields of materials science and mathematics. There is no other research 
institute of its kind in the world. 


AIMR is one of nine institutes established by World Premier International 
Research Center Initiative (WPI) Program launched by the Government of 
Japan. Many outstanding materials science scholars, chemists, physicists, and 
mathematicians are gathered here. Half of its members are of non-Japanese 
nationalities, and the official language used in the research institute is English. 
There is also a thorough support system for foreign researchers. It can be 
described as a truly international research institute. 


In AIMR’s world-class research environment, a diverse group of researchers 
are vigorously engaging themselves in the creation of predictive materials 
science through mathematics-materials science collaboration. AIMR has also 
established four joint laboratories in Europe, the United States and China as 
part of their efforts to bring AIMR’s new materials science, including spin- 
centered materials science, to a global level. AIMR is enabling interdisciplinary 
integration that easily transcends the barriers of national borders and 
academic disciplines. 


AIMR is located in Sendai, the “City of Trees,” which has a population 
exceeding 1 million. It is a city in the northern part of Japan with lush and 
beautiful greenery. Freely engaging in research here in Sendai, which offers a 
rich cultural environment and beautiful nature, will certainly help you produce 
wonderful research output. 


AIMR is an attractive research institute that always welcomes outstanding 
researchers. 
The Advanced Institute for Materials Research, Tohoku University (AIMR) is recruiting tenure-track researchers in FY2016. 
Advanced Institute for Materials Research, Tohoku University (AIMR) 
2-1-1 Katahira, Aoba-ku, Sendai 980-8577 
http://www.wpi-aimr.tohoku.ac.jp 
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Get a job on the go. 
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Charles Darwin Professorship of Animal Embryology 


School of Biological Sciences 


The Board of Electors to the Charles Darwin Professorship of Animal Embryology 
invite applications for this Professorship from persons whose work falls within 
the general field of the Professorship to take up appointment on 1 October 2016 
or as soon as possible thereafter. 


Candidates will have an outstanding research record of international stature 

in some area of animal embryology and the vision, leadership, experience and 
enthusiasm to build on current strengths in maintaining and developing a leading 
research presence. They will hold a PhD or equivalent postgraduate qualification. 


Standard professorial duties include teaching and research, contribution to 
clinical service delivery, examining, supervision and administration. 
The Professor will be based in Cambridge. A competitive salary will be offered. 


To apply online for this vacancy and to view further information about 
the role, please visit: http://www.jobs.cam.ac.uk/job/9519. 


Further information is available at: www.admin.cam.ac.uk/offices/ 
academic/secretary/professorships/ or contact the Academic Secretary, 
University Offices, The Old Schools, Cambridge, CB2 1TT, 

(email: ibise@admin.cam.ac.uk). 


Applications, consisting of a letter of application, a statement of 
current and future research plans, a curriculum vitae and a publications 
list, along with details of three referees should be made online no later 
than 17 March 2016. 


Informal enquiries may be directed to Professor Michael Akam, Head, 
Department of Zoology, tel: +44 (0)1223 336601, e-mail: hod@zoo.cam.ac.uk 


Please quote reference PF08362 on your application and in any 
correspondence about this vacancy. 


The University values diversity and is committed to equality of opportunity. 


The University has a responsibility to ensure that all employees are eligible to live 
and work in the UK. 


online @sciencecareers.org 
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Embrace uncertainty 


am often asked, “What advice can you give to graduate students?” When this happens I have to 

pause a moment, as I was an unusual case: an English-major undergraduate who went on to 

graduate study in physics. The first thing that comes to mind is to explore as much as possible, 

because eureka moments do happen. And when they do, don’t be afraid of the decisions that may 

arise. My own came when, as a college graduate, I was watching a television show about neutron 

stars. As I listened to researchers discuss their observations and theories, a long-dormant light 
switched on, and I knew I had to realize my childhood dream of becoming a physicist. It would be a 
challenge, but I was confident in my passion, and it was a risk I was willing to take. 


Iam also asked, “What prepared you 
for being a graduate student?” Per- 
haps surprisingly, the single thing 
that most prepared me to persevere 
with the trials of graduate school was 
rock climbing. ’m not advocating 
that all graduate students become 
climbers, but for me it was both an 
engaging passion and a metaphor for 
my professional progress. Climbing 
requires trust in one’s partners, pa- 
tience, practice, and more practice. 
The moments of expansiveness when 
you are at rest—perched on a crag 
hundreds of feet above a valley floor 
with your mind roaming freely—can 
lead to epiphanies. Making room for 
passions outside your research, and 
time for friends and family, enables 
you to be a more whole person, and 
a more whole scientist. 

Here are a few more pieces of ad- 
vice I would like to share: 

If you haven’t chosen a research 
topic, talk to top faculty members about their ideas on the 
most interesting problems in their fields. I knew I wanted to 
take on something big—to be the first person on the planet 
to see something—and found the sense of discovery pure 
euphoria; I promise you will, too. 

Don’t spend more time than you need to in graduate 
school. It may seem fun to be a student, or scary to figure 
out next steps, but you will have greater responsibility and 
freedom (and get paid more) after you graduate, so get a 
postgraduation plan together. 

If you are about to receive your Ph.D. and find yourself 
faced with multiple options for what to do after graduation, 
don’t fret—rejoice! Examine the options, but don’t let the 
decision burden you. You can’t go wrong if you choose the 
one that resonates with you the most. And if you don’t have 
job offers, your world is wide open. Choose where you want 


“The moments of 
expansiveness when you 
are at rest ... can lead to 

epiphanies.” 


to work, go there, and find a way 
to get an informational interview. 
This can put you first in line when 
jobs open up. You may have to start 
at a low level, but with hard work 
and good humor, you will “gradu- 
ate” quickly to a position with more 
responsibility. People are willing to 
help if you apply yourself. 

Try not to make decisions based 
solely on money, especially early in 
your career, when salaries tend to 
be at their lowest. As a young re- 
searcher married to a high school 
science teacher, we had to pay for 
child care—a hefty expense for 
many young families. But we de- 
cided to pay for the best care we 
could afford because it gave us 
peace of mind: I knew our children 
were in good care, and I could focus 
on my work and raising my family. 
I also knew that, in time, I would 
make more money. Financial deci- 
sions are personal and often difficult, but remember that 
money should help you, not define you. 

Speaking of children, don’t fret about when or whether to 
have them. You will know. I’ve seen scientists have children 
when they were still graduate students, and others (like me) 
when they were full professors and department chairs. You 
will survive no matter what, and so will your children. 

In summary, don’t fear decisions; embrace them. They 
allow you to explore new ideas and places. They mark the 
pathways that make your journey unique. Your choices 
will define you, so my last piece of advice is simple: Be 
yourself. You can’t make a bad choice if you remain true 
to yourself. 


France A. Cordova is director of the National Science 
Foundation. Send your story to SciCareerEditor@aaas.org. 
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